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I. ABSTRACT

A program was conducted to establish the manu-
facturing technology required to produce 22" diameter
spherical helium pressure vessels for service at -423F.
The vessels incorporated several attachment bosses and
a fill port. The material uéed was a low silicon
chromium-nickel stainless steel alloy. The vessels
were manufactured by means of the ARDEFORM or cryogenic
stretch forming process. Six (6) vessels of the desired
configuration were produéed for delivery. 1In addition,
mechanical property tests were performed with several

heats of this alloy.



II. INTRODUCTION

The requirements for high strength materials suitable
for service at cryogenic temperature has, in recent years,
focused considerable attention upon cold worked austenitic
alloys. The ARDEFORM* process offers a means of cold working
pressure vessels made from austenitic chrome-nickel stainless
steels. In this process an undersize preform is first con-
structed from annealed material by welding or other means of
producing a closed pressuré vessel. The preform is immersed
in liquid nitrogen to reduce its temperature to -320F and then
pressurized internally with pumped, liquid nitrogen. The
preform‘stretches, as a result of the pressurization, to the
desired size and shape. During this deformation at -320F,
the material transforms from austenite to martensite. High
strength levels are achieved as a result of both the trans-~
formation and the cold working of the material. After the
cryogenic deformation, additional strength may be obtained by
aging the material at 800F for 20 hours. The cryogenically
deformed material, in addition to high strength, exhibits
a K. wvalue of approx. 80 at -423F and is compatible with a large

Ic . 7
variety of liquid rocket propellants and other corrosive fluids.

Several austenitic alloy compositions have been developed
by Arde. By selecting the proper alloy the most favorable

properties for each application can be obtained. A previous

* Subject of U.S.Patent #3197851



program, successfully.cénducted by Arde for NASA (Contfact
NAS - 11977) resulted in the fabrication of cylindrical
preésure vessels.suitéble for the storage of gaseous helium
while thé vessels are submerged in an environment of liguid
oxygen. Afde utilized a 17% chromium- - 7% nickel austenitic
stainless steel alloy containing over .4% silicon for these
cylinders. This alloy is useful at operating temperatures

down to =320F in the unaged condition.

For applications which require high strehgth and
fracture toughness at cryogenic temperatures down to -423F,
an 18% chromium - 7% nickel stainless steel alloy, with very
low SLllcon (less than .1%) is used. This low silicon alloy
is normally used in the agea condition for optimum strength

.and_toughness characteristics.

: The_ARDEFORMed low silicon stainless steel alloy was
evaluated, by means of tehsile specimen tests, for -423F
strength and fracture. toughness characteristics by NASA-

Lewis Laboratories. This investigation showed good performance

at -423F as well as very 1mpreas1ve properties of the welded

(1)

material at this same low temperature.

(1) NASA TN D3445 - “Evaluation of Special 301 -
Type Stainless Steel for Improved Low- '
Temperature Notch Toughness of Cryoformed
Pressure Vessels" by Thomas W. Orange,

Lewis Research Center, Cleveland, Ohio
May 1966 : .



NASA initiated the present ARDEFORM manufacturing
technology program because of a potential need in the
Saturn IV B, The Saturn IV B requirement manifested itself
when consideration was given to possible fire hazards in the
use of titanium pressure vessels. This possibility was con-
sidered even though titanium vessels were to be stored in the
oxygen atmosphere as unpressurized containers. The use of
stainless steel, which is known to be far'superior to titanium
in this respect, was therefore considered. Specifically, the
low silicon alloy, in the ARDEFORMed ana aged condition, with

itsf%igh strength at -423F, was selected for this application.

The objective of the program, therefore, was to develop
the manufacturing technology necessary to produce the'con—
figuration required for the Saturn IV B helium-storage bottles -
using the low silicon material. The design technigues utilized
in adapting the ARDEFORM process to the configurational requife—
ments; the manufacturing méthods used in fabricating the vessels;
an investigétion of characteristics of several heats of low
silicon material procured for this program; and some of the
problems with inclusion in the material are discussed in this

report.



IITI. SUMMARY

The program resulted in the fabrication of six (6)
deliverable spherés which passed Arde's quality requirements
and are suitable for -423F service. A high scrap rate was.en-
countered in the program due to slag inclusions in a heat of
material which was eventually rejected. The deliverable vessels,
therefore, were fabricated from a different heat of material and
carefully inspected to assure that they were free from any

defects which could impair their operation at -423F.
A The effort on this program was divided into three€ phases:

.1. The selection and testing ofvlow silicon chromium-
nickel austehitic stainless steel heat; suitable for .the
fabrication of the pressure vessels.

2. The design of a sphere preform with mounting
provisions and an inlet boss.,.

3. The application of the aforemepﬁioﬁed ARDEFORM
fabrication techniques to the production of cryogenically

stretch formed vessels for helium gas storage.

A, Selection and Testing of Material Suitable for Use at -423F

This phase c¢onsisted of the procurement of material to
specified chemical composition and clenaliness in order to obtain

good méchanical properties after cryogenic (-320F) stretching.

A total of five (5) heats were poured for this program.
Each of these heats were evaluated for its- behavior during
plastic deformation at liquid nitrogen temperatures (—320?) and
for iﬁs properties at -320F and room temperature. In addition,
'selected heats were evaluated for notch toughness and strength

level at temperatures as low as =~423F. Both welded and unwelded

5



specimens were evaluated. 'The stress corrosion resistance of
cryogenically prestrained ARDEFORM material was also determined
during this phase of the program. Testing was pefformed with
tensile specimens both by Arde and NASA with samplés from the
heats procured for this‘prograﬁ. The results indicated that
uniformly good fracture toughness and strength was exhibited
by all heats which met specification chemistry. A summary of

. the material properties for four (4) of the five (5) heats of
the low silicon material specifically procured for this program
.is pfe%ented in Figure IIIQI. Note from Figure III-1 that the
~-423F Klé-values obtained for the heats tested ranged from 75
to 80 ksi /In. The data for Heat 50793 which became available
during the course of the program and which was subseguently used.

to fabricate several vessels is also presented in Appendix "F",

B. Design of the Sphefe Preform

Design of the spherical vessel preform was based on uniaxial
test results which were used in a computerized design program
to establish the preform dimensions. The yield strength of the
material, as determined from uniaxial tests, dictated the final
minimum thickness of the vessel. Conventional elastic stress
analysis was utilized in the evaluation of the structural inte-
grity of the vessel and its ports and bosses under combined

int ernal pressure and external "g" loads.

Arde provided four clevis bosses for tie-down purposes as
an alternative to the original design, which used straps to
mount the vessel.. Straps create crevices which tend to lead to

crevice corrosion problems.
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A primary consideration in the production of the spheres
was the incorporation of the inlet boss and clevis supports
using the ARDEFORM process. Arde's previous experience with
similar configurations indicated that the design decided upon
could be fabricated. The results of the program bear out this
contention. No major‘difficulty was encountered which related

to the sphere configuration designed.

C. Vessel Fabrication

The hemispherical heads for the vessels were hydroformed °
and then machined in order to produce a uniform thickness.
The details for the preform vessels were tungsten-inert gas
(TIG) welded. The vessels were solution annealed, cryogenically
stretched formed and aged. One vessel was cryogenically (-320F)
‘burst tested by Arde. Two other vessels failed during the
stretch forming operation and two were rejected after stretching,
as a result of radiographic inspection.b A £otal of six vessels .

were delivered to NASA,

The only problem of consequence which was encountered was
the result of exogenous inclusions in the material. The failure
of one vessel during stretth forming could be definitely traced
to the inclusions. It was determined that welding large in-
clusioné of this type resulted in the burst of preforms during
stretch forming. In the course of the program, Arde worked out,
in cooperation with Magnaflux Corporation, an ultrasonic in-
spectién technique which can reduce the scrap rate due to the

occurrénce of such inclusions. Furthermore, it should be noted



s
)

that the heats ﬁrocured for this program were singie induction
vacuum'melted. Arde, in Conjunction with a subsequent program,
procured a double vacuum melted heat of material on the premise
that the material would not contain these exogenous inclusions.

The basis for this éssumption is the fact that consumable electrode
remelting ténds to agitate and disperse inclusions of this

‘nature. Two (2) vessels utilizing material from this heat were
subsequently fabricated and delivered to NASA in perforﬁance

of this program.

In addition to ultrasonic inspection of either the sheet
stock or the head details, all ygssels wereiradiogréphiéally
inspected after stretching. Any cracks developing during the
stretching operation.can be detected by this method, whatever
the cause of the cracks. All vessels delivered in performance

of this program were shown to be free from detectable defects.



IV, PREFORM DESIGN

A, Design Philosophy for Stretch Formed Spheres

The high strength of Ardeform low silicon stainless steel
is obtained through deformation at -320F. As has previously
been described, the deformation is accomplished during the
Ardeform process, by pressurizing a preform fabricated from
annealed material. The preform is made smaller in size than
the required final vessel in order to allow for sufficient .
expansion to achieve the strength required. - The design of
all components of the preform, then, must take into con-
sideration the amount of’étretching that will take place,
for two reasons:

1) After stretching, the vessel must meet the
dimensional requirements of the finished

product.

2) After stretching, the vessel must have been
cold worked sufficiently to produce the

desired strength level.

Obviously, if the preform is too small, then it may
burst during stretching before it achieves the desired size,
If the preform is too large, then it will reach the desired
size readily, but will not achieve a satisfactory strength
level. In addition, the wall thickness must be sized so that
the weight and burst pressure of the finished vessel will be

4

‘as required, and make full use of the resulting material

10



strength level. 1In the preform design, therefore, mill and
manufacturing thickness tolerances of the material must be

carefully considered.

The design of preforms for cryogenic stretch’ forming,
may be based on biaxially stretched vessel behavior predicted
from uniaxial tensile specimenvdata. The derivation of
equations predicting the stresses and strains in a plastically
deformed sphere from uniaxial specimens is outlined in Appendix A.
From simplified total deformation theory it can be shown that
the following relationships hold for stretching spheres:

kY

&

N~

1y &=

{
(2 G, =0

where &, is the true hoop strain of a sphere at true

‘hoop stress Oy

€ is the true strain of a uniaxial specimen at a

true stress O

An empirical factor based on experience, however, indicates that

the plastic strain component from equation (1) is more nearly:
1 (a) €,= .45€

Using equations {la) and (2), a cryogenic biaxial stress-
strain curve for spheres may be constructed from a cryogenic
uniaxial stress-étfain curve., Suqh biaxial curves are prepared
for each heat of material and are used.to predict the amount
of stretching which spheres will underéo when they are préssur—

ized during the stretch forming process. Modifications to these

11



relationships have been made at Arde to include the effects
of the elastic éomponents of the strain. |

An additional design requirement is to predict the
strength which results when spheres are stretched a specified
amount. It has been shown, at Arde, that the strength of such
spheres is equal to the strength of uniaxial specimens which

have been prestressed to the same true stress levels,

A biaxial design chart. for heat 97107 derived from uniaxial
data, is presented in Figure IV-1. The true strains, €, have
been corrected for elastic rebound and converted to more familiar
engineerihg strains in the chart.* Therefore, strains are

i presenfed as -- D

o} i.e., 1 + engineering strain, where:
D
o
D = the final diameter of stretched sphere
P after elastic rebound
DO.\= the initial diameter of the sphere
preform c
]
*  engineering strain = € -/

The chart showsiseveral curves of interest to the sphere
designer., ‘The curve labeled 67 indicates the true stress achieved
at -320F during the cryogenic stretchiné process, and is derived
from the uniaxial data using equations (la) and {2) and in-
cludes corrections for elastic strain. The curve labeled 82
is more useful for the designer since it predicts the nominal

crycgenic stretching stress required to stretch a sphere preform

12
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a given amount. Note that the 82 curve exhibits a maximum,

This maximum represents the limiting nominal stress and strain
of spheres made from this material duriﬁg the cryogenic stretch-
ing process. Exceeding the stress or strain at the maximum will
cause the sphere to burst during the stretch. The SlA curve
shows the burst strengths at different operating temperatures
for spheres which have been stretched to a diameter ratio,EQ

, D
and which have then been aged. °©

B. Spherical Shell Design

. #To design a preform which will result in a high strength

sphere, the following procedure is used:

kY

A safe value of 52 is chosen to the left of the maximum on

the 82 curve, This procedure prevents the strain of the sphere"
from exceeding its limit, and thereby avoids bursting during the
stretch forming process. At the same time the value of the -’ ‘
strefched and aged sphere burst strength mﬁst exceed a desired
value. For example, from Figure IV-~l, a nominal stretching
stress of 240 ksi is selected from 82 at a_;g value of 1.042,
This design point indicates that a sphere ®will stretch 4.2%

in diameter if pressurized to a nominal stress of 240 ksi, Aﬁ‘EB
' D

(¢)

= 1,042, the pfedicted burst strength at any operating tempera
ture after stretching and aging is then determined from.the suit-
able SIA curve. Only one SIA point at a -423F operating tempera-
ture is available for this heat. However, the desired -423F
strength level is énly 340,000 psi. This.is less than the 354 ksi
obtainable with only a 3.8% strain. Therefore, a 4.2% strain

would assure a burst stress of 340,000 psi at -423F,

14



From the design chart then, the nominal cryogenic
stretch forming stress of 240,000 ksi, and the strain of 4.2%
have been determined. In addition, the desired -423F strength

of 340 ksi has been shown to be achievable under these stretch

conditions.
The minimum final vessel wall thickness is next determined

from the desigh burst stress at -423F as follows:

P D
(3) t. = _BX p
£ 4 XS
) - IA
where PB is the design burst pressure of 7100 psi
' Dp is the design I.D., of 22.6 inches
SIA is the design stress of 340,000 psi at

operating conditions
From equation (3), the final minimum wall thickness is .118 in.

At this point the dimension of the preform may be
determined. The preform I.D. is determined from the 4.2% strain
obtained from the design chart and the desired final I.D. of-

22.6 inches.

(4) D =Dg Do - 22.6 = 21.69 inches
Do .042

In order to determine the preform wall thickness, it
is necessary to know the relationship between the preform wall
thickness and the final vessel wall thickness for a known

stretch percentage. This relationship may be shown to be:

15



= ,118 x (1.042)2 = ,128 min. pre-
form thickness

where to is the preform thickness
Thus, the preform design of the spherical shell is
accomplished except for manufacturing tolerances. A discussion

of manufacturing tolerances is given in Section VI-B

C., - Boss Analvyses

The helium bottle contains four (4) small strap attachment
bosses and one large boss which serves as a port as well as
a support point for the bottle. The vibration and acceleration
forces'acting on the bottle are transmitted through these
support points. An analysis was made to determine the
stresses in the bosses and the bottle due to these loads
superimposed on the pressure stresses. This analysis is
presented in Appendix (B) of this report. The results indicate
fhat the stresses imposed by these loads can be adequately
carried by the shell structure designed in accordance with

Section B above.

The method of analysis used in the boss stress determination

followed these steps:

1. Determine the tank acceleration and vibration loads
based on equivalent static vibration loads and
flight acceleration loads in the radial and axial

directions. , .

2. Apply a design yield factor of 1.25 to these loads

and determine the tank support point reactions.

le



Determine the stressés in the large boss dﬁe to
superposition of the radial support load and in-
ternal pressure. These~stressés are found by a
“discontinuity" analysis which consists of reducing
the structure to component parts such as rings,
cyiinders, cones and spherical segments. Unknown

edge shears and moments are applied to each component;

and deflection and rotation expressions are written

for each segment in terms of these unknown forces.
Equating the deflections and rotations at adjacent
poiﬁts results in a series of simultaneous equations.
‘The solution of these eqguations gives the magnitﬁdes |

of the forces. Internal stresses are then computed.

Stresses due to the lateral support'load on the large
boss are then computed using the method of analysis
presented in the Welding Resea;éh Council Bulletin
No. 107 "Local Stresses in Spherical and Cylindrical
Shells due to External Loadings". Pressure stresses
are then added to determine the maximum combined

stress.,.

The small boss is analyzed for the maximum strap
load. This load is coﬁverted to a tangential and
radial component and stresses in the shell are
determined again using the above referenced Bulletin.
Pressure stresses are added to these to determine

the maximum combined stress. .

17



D. Completed Vessel Desian

The vessel is defined, after stretching the preform assembly
and final machining, in the Arde Drawing SKE 10392 which is

included in this Section. (Figure IV-2)

18
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V. MATERIAL ACCEPTANCE AND EVALUATION

A, Material Acceptance Procedures -

The material used for applications at cryogenic tempera~
tures is an austenitic stainless steel with very low silicon,
manganese and carbon levels. The Arde specification which
sets forth the reguired tolerances on heat chemistry and
other characteristics 1is AES 256. This specification is
included in Appendix (C). The specification calls for the
material to be vacuum induction melted from high purity .
charging materials. Of special significance arevthe high
_standards of material cleanliness included in the specifica-

tion.

The tests performed to determine conformance to Speci-~’
ficaﬁion AES 256 consist of independent check analyses of
heat chemistry, metallographic examination for inclusion
distribution and size, metallographic examination for grain
size, and intergranular carbides. In addition, visual
examination of sheet surface condition and dimensional in-
épection of the mill product is made. Finally, in accordance
with the Arde specification, samples from each lot of material
are radiographically inspected to establish that the material
is free from sub-sdfface gross defects. All these reguirements
were established at Arde as a result of experience with mategials

used in cryogenic stretch forming;
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| Material cleanliness has been definitely established
as a requirement for the production of reliable welds in pre-
forms for;the ARDEFORM process. Specifically note fhat the
maximum size of globular oxides is limited to 25 microns in
the Arde specification. The purpose of this limitation is
to eliminate weld porosity which has been traced to this
type of inclusion. The radiographic, inspection procedure
serves as a further check on the occurrence of non-metallic
inclusions in the material. In the past, exogenous inclusions
of rather large size were detected by the radiographic in-
spectien of sheet. This type of inclusion is generally highly
refractory in nature and can cause vessel failures during the

cryogenic stretching operation.
. g

Material chemistry has been shown to be the primary factor
in establishing the mechanical properties which can be obtained
from a given heat of material. As a resuit, close tolerances
have been established for the constituents of this material.
Unusual in terms of stainless steel specifications is the-
oxyéen and hydrogen requirement in the Arde specification.

This requirement was established because of evidence which
showed that high oxygen levels over 140 ppm were responsible
for increasing the heat cracking susceptibility of austenitic
stainless steels of this general composition range. High
levels of both oxygen and hydfogen were also noted to be
detrimentél to the fracture toughness of cryogenically stretch

formed material particularly at cryogenic temperatures.
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In addition to the aforementioned specification, which
establishes the prdcurement requirements for the material,
other evaluation procedures are performed with each heat of
material. Thus, the heats procured for this program were
evaluated for weldability by means of a specimen devised by
Arde. PFinally, a thorough investigation of the mechanical
properties of the material was performed. The resﬁits of the
evaluation and acceptance testing of the materials is dis-
cussed below. The mechanical property testing and results are

presented in Section VIII,

B. Evaluation of Material

1. Check Analysis of the Material

Check analysis was made on a'sample‘from the ingot
of each heat. The analysis was performed fqr Arde by an
independent laboratory. Wet chemical analytic methods were
used for all elements except hydrogen and oxygen. Oxygen was
determined using vacuum fusion gas analysis of the ingot
sample. Nitrogen was determined by the Kjeldahl me thod.
Hydrogen which is also determined by vacuum fusion gas analysis
is variable throughout the processing of the ingot and reaches
its final level only after conversion of the ingot to slab or
sheet bar. Samples for the hydrogen check analysis, therefore,
consisted of pieces cut from sheet bar made from each heat. The
results of the check analyses along with the steel wvendor's
certified analysis for each heat are shown and compared with’the
specifified composition from Arde Specification AES 256 in

Table V-1,
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The analysis of heat 97106 which was one of the five (5)
heats initially procured was outwardly rejected due to non-
conformance with chemistry requirements and hence has been

omitted from the table.

The data for heat 50793 has been included in the table
even though the material was not specifically procured for use
in this program. This material was procured in conjunction
with another program and a portion diverted to fulfill the

requirements for two of the delivered vessels on this program.
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( Heat 97056 may be seen from Table'V—l to meet all
of the composition requirements except for a somewhat
higher carbon than specified. Because of the schedﬁle
reguirements of the program at its initiation it was felt
that if all other properties such as strength fracture
toughness, cleanliness, weldability and general fabricability
were acceptable then the slightly higher carbon level would
not be sufficient reason for rejection. It was, therefore,
decided to continue evaluation:of the material for these
other characteristics and if these proved satisfactory to
accept the material.

Heat 97057 was shown to be too high in oxygen and

- hydrogen and was therefore rejected. The vendor indicated
that the high oxygen level in this heat was traced to the
use of a charging material of insufficient purity. Un- i
fortunately, charging materials with a satisfactory purity
was not available at the time the heat was poured. Subseqguent

heats were poured with the correct charging material.

Heat 97058 was acceptable in all respects except that
the vendor reported a combined sulphur and phosphorous level
of .018% which was high compared to the specification reguire-
ment of .015% maximum. The steel vendor informed Arde that
this value resulted from the addition of the results of
separate analyses for phosphorcous and sulphur. This procedure

‘often .results in a value that is higher than that which would
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be obtained if the two elements were analyzed in combination.
The check analysis shows the results of analyzing the two
elements in combination. The .0113% value reported is within

the specification. . Therefore, heat 97058 was accepted.

Heat 97107 was accepted inasmuch as it met all the speci-

fication composition requirements without deviation.

In summary, then, of the five (5) heats initially procured,
one heat 97057 was rejected for high ongen levels; heat 97106
was rejected for non-conformance to chemistry requirements, heat
97056 was conditionally accepted because of the high carbon
'1évél; and the two remaining heats, 97058 and 97105, were deemed

to have acceptable heat chemistries.

Heat 50973, which became available in conjunction with

2

another program and subsequently used in performance of this

program, was found completely acceptable in accordance with

Arde Specifications.

2. Metallographic Examination of the Material

_All metallographic ekaminations were conducted using
samples from the sheet rolled for the program. Intergranular
carbides were found to be very lightly scattered throughout .
all of the sheet samples tested. This was not felt to be
serious'inasmuch as the méﬁufacturing process called for a
solution anneal after welding and prior to stretch forming. The
specified restriction on inter-granular cérbides on incoming
sheet material was based on Arde experience which indicated
that embrittlement at_cryogenic temperatures occurs if heavy
inter—granular carbide precipitation is present. Inasmuch
as a complete solution anneal was part of* the processing sequence

in the fabrication of the spheres for this program, re-solution
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of the light carbides noted would definitely take place at
the time the parts were annealed. "Thefefore, all of the

sheets were deemed acceptable in terms of the carbides noted.

The cleanliness of the heats were evaluated and the
results are shown in Table V-2. All of the cleanliness
fatings fell within the cleanliness specifications except
that a slight deviation in Type D thins was noted in Heat 97058.
The deviation was not felt to be serious enough for rejection.
Thees primary reason for the control of this type of incldsion
is évo%dance of weld porosity and since no heavy glcbular
oxides were found, it was felt that the additional small quantity
of thin inclusions noticed would not significantly affect the

weldability. The heat was, therefore, not rejected.

In summary, then,_the general cleanliness of these
heats was very good and no large inclusions were noted in any
of the samples examined metallographically. It should be
noted at this point, however, that as ; result of premature
bursting of preforms during stretch fdrming, some large defects
were found and. identified as the cause of the stretch pit bursts.
These particular defects were very widely distributed and were
not encountered during microscopic examination probably.
because of their low frequency of occurrence., More is said

about these inclusions in Section VII.

Grain size was determined from the sheet samples and in

all cases was smaller than the maximum size specified.

27



TABLE V-2

INCLUSION CONTENT OF HEATS

U g o o0 w w PP

Specified Heat Heat — Heat
Characteristics 97056 97058 97107
Type Rating Rating Rating Rating

Thin 1 0 o 0
Heavy 0 0 0 0
Thin 1 0 "o 0
Heavy 0 0 0 0
Thin 1 1 0 1
Heavy 0 0 0 0
Thin 1 0 11/2- 1
Heavy 1 0 O‘. 0
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3. Weldability Sample

‘As a check on the weldability of the heats, two
cylindricél pieces 5 1/2 inches in diameter are fabiicéted,
and these are.weldedltogether using a single pass girth
weld. The cylinders were then cut in half along the
longitudinal axis and the exterior and interior of the
weld and heat affected zone dye checked. Examination for
dye check indications was performed with 30X magnifiéation.

No cracks were found in samples from any‘of the heats.

4. Radiographic Inspection

A

Radiographic inépedtion of the sheet from the heats

. used on this program showed no defects. Because of the

scheduled requirements on this program, one of the heats

was shipped to a hydroform vendor prior to examination of

the sheet by radiographic methods. However, radiographic
inspection was performed after the heads were formed and these
tests showed no defects. Again it should be noted that although
fabrication and stretching brought to light large slag inclusions
in the material, theseiwern at no time detected by the radio-
graphic inSpection technique as was previously noted. More is

said concerning these deleterious’slag inclusions in Section VII.
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VI FABRICATION TECHNIQUES

‘A, Processing Seqguence

The fabrication of the helium spheres follows, eséen%ially,
the procedﬁre of first building a spherical preform, stretching

the preform at ~320F, final machining and aging.

The spherical sﬁells were constructed from hydroformed
" . hemispheres which were machined to improve thickness tolerances.
Bosses and ports were machined from forgihgs and ail details
were assembled by welding to préduce the preform.

A flow chart, shown in Figure VI~1, lists the detailed
processing and inspection steps in the fabrication of the
vessels. Some of the more important fabrication steps are dis-—

cussed in greater detail below.

B, Hvdroforming and Machining of Hemispheres

The hydroforming process was selected to produce the hemi-
spherical heads for the spheres. Hydroforming requires relatively
inexpensive initial tooling and is a reliable means of producing

hemispheres from sheet stock.

For the thickness of heads utilized in this program, the
hydroformiﬁg was- done in two strikes. During the first strike
the head was drawn to about 95% of -its full depth. The head
was then cleaned, solution annealed and restruck. The second
strike was used to shape up the head and achieve closer dimensionai
control. All handling of material, cleaning and annealing was
- performed by the hydroform vendor in accordance with applicable

Arde specifications.
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ARDEFORM MANUFACTURING FLOW CHART

for

NASA HELIUM BOTTLE

Receive Sheet Stock

Head Hemispherical
Preform

P/N D104347

Shear Sheet Stock
to Head Blank
Size
Serialize Blank

Inspect

Hydroform Head
at Vendor
First Strike

Head Hemispherical
Preform Open
Boss End
P/N D104346

Receive Boss Stock

Boss Clevis

P/N C104348

Boss Preform

P/N E104349

Shear Sheet Stoéck
to Head Blank
Size
Serialize Blanks

Cut Slugs from Boss
Stock and Rough
Machine

Serialize Slug

Cut Slugs from Boss
Stock and Rough
Machine
Serialize Slug

Inspect

Inspect Dimensionally
and Ultrasonically

Inspect Dimensionally
and Ultrasonically

Hydroform Head
at Vendor
First Strike

I

Clean, Anneal, Pickle

Boss Machined
at
Vendor

Boss Machined
at
Vendor

|

Clean, Anneal, Pickle

Inspect Dimensionally
Dye Check, X-Ray

Inspect Dimensionally
Dye Check, X~Ray

Inspect

Inspect

Clean, Cold Pickle

Clean, Cold Pickle

Hydroform Head
at Vendor
S3econd Strike

Hydroform Head
at Vendor
Second Strike

Final Acceptance

Final Acceptance

Machine Off PFlange
Machine Entire
Outside Surface to
Constant Thickness
Polish Inside Surface

Machine Off Flange
Machine Entire
Outside Surface to
Constant Thickness
Polish Inside Surface
Machine Holes for
Bosses

Inspect Head to B/P
Ultrasonically
Inspect
Dye Check

Inspect Head to B/P
Ultrasonically
Inspect
Dye Check

Clean, Cold Pickle

Final Acceptance

Clean, Cold Pickle

Final Acceptance

Hemisphlerical
Head Weldment
Sub Assembly

P/N E3589~1
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Clean All Weld Edges

Fit, Tack Weld and
Weld the Clevis

Bosses into the Head

Clean All Weld Edges
Fit, Tack Weld and
Weld the Preform
Boss into the Head

Remove All Welding
Oxides with a
Mlap Wheel

Grind Weld Beads on
Inside of Head Flush
te + .005

_ I

Dye Check Welds
X=~Ray Welds

Dimensionally Inspect

Head Weldment
Assembly

Clean Assembly

Final Acceptance

Vessel Weldment
ol Assembly -~ Preform

P/N E3589

Clean Weld Edges
Fit, Tack Weld and
Weld Girth

Remove

All Welding

Oxides With a
Flap Wheel

Die Check Girth Weld
X~-Ray Girth Weld

Clean Preform

Solution Anneal
Preform Vessel With
Argon Gas Purge on
Inside

Cold Pickle Preform
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1. Starting Material Thickness

It has been Arde's experience that hydroforming of
hemispheres generally results in about a 15% total variation
in the wall thickness of the hemisphere. In order to reduce
the weight of the vessels, the entire outside surface of each
‘ hemisphere was machined to a.reasohably constant thickness.
To provide enough material for machining, the as-formed head
thickness was set at a minimum of .009 thicker than the
minimum preform wall thickness. The minimum wall thickness of
the preform vessel is .128" (See Section IV). Thus, the minimum
head thickness after hyd;oforming must be .137. Since a thick-
ness variation of 15% must be anticipa?ed during the hydro-
forming, the minimum flat sheet stock thickness ordered was
15% greater than the minimum hydroformed head thickness. The

minimum sheet stock thickness ordered, therefore, was .158 inches.

The specification to which sheet stock for this program
was ordered, AES 256, allows a thickness variation of * .007"
for the nominal thickness required. The sheet thickness ordered, .

therefore, was .165 % .007 inches.

2. Pinal Thickness Variation

Based on discussions with head vendors prior to the
inception of the program, it was felt that a tolerance of £ .003
inches could be maintained during the machining of the surface
of the hemispheres.ﬂ Thus, the blueprint thickness of the head

was set at .128" minimum and .134" maximum.
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The heads. used for the helium bottles were hydro-
formed and machined by a vendor. - Two finished heads, one
with the boss cut-outs and one without the boss cut-outs
were submitted by éhe vendor prior to the production run of
all heads. Arde carefully inspected these heads for.thick-
ness variations and sphericity. The heads were inspected for
thickness variations, along four meridians 90° apart, arbi-
trarily dréWn from apex to girth. Thickness readings were
Ataken at two inch intervals along each meridianal line. See
Figure VI-2 for the dimension obtained. These thickness measure-
ments réveaied that the original assumption concerning thickness
variation was unrealistic. The vendor; in spite of his best
effort and the use of special tooling, could nét obtain a
‘thickness tolerance of + .003 inches. A tolerance of * ,007
inches is more realistic. Thus, in order to retain a minimum
preform wall thickness of .128, the head thickness was set at
135t .007 inches. It should be noted that this head thick-
ness specification represents a range of approximately 11%.
Thus, by méchining the heads, the thickness variation was -
reduced from the 15% tolerance that has been experienced with
hydroforming, to 11%. The machining process thus represents a
weight saving of 4% over hydroforming alone, although it did
not result in the weight saving anticipated. All heads were
hYdroformed and machined to the above tolerances. The incoming
inspection of each head included a thickness measurement procedure
similar to that used on the first two heads and described above.
The photograph of the two hemisphére details comprising each

sphere is shown in Figure VI-3.
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Figure VI-2

. C
Wall Thickness of Hemispheie
Tosition Part No. D104346, Serial No. .1l >
I 1A-BAND . [B-BAND |€-220D |D-BAND
2" | /33| /84 ./33 L3 |
4" . /32 ,/3/7 /36 | /30 |
6" 43/ , /80 30 | L1308
8" | /728 /28 | ./28 | ,/128
0" 126 1294 | ,r728 | 728 .
/2" L L1425 L /23 /23
14" 723 | /28 /23| /28
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C. Forging and Machining of Bosses

Bosses and attachments welded into the shell must be
machined from heavy sections of material. These heavier
sections originate from the same ingot as the sheet material.
The material from which the bosses are fabricated, therefore;
has undergone considerably less reduction than the sheet |
material. For this reason some attention must be paid to the
orientation of inclusions in the material.- At Arde, experience
has shown that when welding bosses to the sheet which forms the
vessel shell, the most favorable condition occurs if the ’
direction of boss inclusions lies more or less parallel to the
shell surface where the weld is being made. Forgea bars and
pancakes were made which, upon machining, would result in

approximately this weld orientation.

All bosses used on the final produculon type bottles Wwere
fabricated from heat 97102. For this purpose approximately -1500
pounds of the ingot from heat 97107 was forged into two bars each
2 5/8" square by 51" long, and 17 panéake forgings each approxi-
mately 7 inches in diameter and 3 inches thick. The bars and
pancake forgings weie annealed. The bars were then cut into
3 inch lengths. Each piece was then cut into two slices 3" x 2 5/8
x 1 5/16 and the clevis bosses machined from the slices. In this
manner the proper orientation of the inclusions with respect to
the weld could be maintained. The inlet bosses were machined

from the seven inch diameter pancake forgings.

In the case of heat 50793, the clevis bosses were cut from
1.25 thick sheet bar whereas the inlet bosses were fabricated

from pancake forgings as were the bosses from Heat 97107
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A

‘The finished bosses were dimensionally inspected, dye penetrant

checked, x-rayed, cleaned and cold pickled prior to final acceptance.

. D. Welding of the Helium Vessel Assemblv

The cryogenié'stretching process requires a weld which
‘will undergo plastic deformation at -320F and will‘eXhibit a
strength eqﬁivalent to that of the parent material. Inﬁéstigations
have been made to determine weld parameters that are reasonably
independent of small changes in parent material composition,
-and that result in uniform reliable welds. Welds produced
in a single pass, rather than multiple passes, have been found
. advantageous for several reasons. The single pasé‘technique
prevents carbideiprecipitaﬁion ;mmediatelyiadjacent toAa we ld
bead. When a single pass weld is made, carbides precipitate some
distance from the fusion zone. These carbides can be readily
dissolved upon subséquent annealing. When multiple passes are
made, the second pass can cause precipitation of carbides close
to tﬁe weld pass below it. The grain boundaries of the material
in-which these carbides pfecipitate have been affected by the
first pass. Carbides in these grain boundaries have been found
very éifficult to disselve. Such grain boundary carbides tend

to reduce the toughnéss of the material at cryogenic temperatures.

A single pass weld also eliminates the occurrence of lack
of fusion between passes which is frequently experienced in multi-
pass welds. Also, a single pass weld.reduces the amount of filler

material introduced into the joint.

An additional factor in welding of the Ardeform material is
the avoidance of small micro cracks which will open during stretch-
ing. By removing all restraints during welding, such as back-up

fixtures, a crack free weld can be made. Thus, for the Ardeform
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process, a single pass gas—backed'weldvis'used. Unless "‘special
techniques are used, in thicknesses over .125 inches, the weld

.bead may drop through if it is not supported.

Arde has develcped an approach which produces a
horizontal single pass weld made with a vertical torch. This
is accomplished by means of a closely controlled pressurized
gas back-up to'supﬁort the weld. Thicknesses up to 3/8" have
been welded in this manner using the tungsten inert gas (TIG)
"welding process. The filler wire used is type 308L stainless
steel. For these vessels helium torch gas, and argon gas back-up
was used. NoO special weld preparation or "V" joints are machined
into the components prior to welding. 'Arde's experience has shown
that a simple butt joint results in 100% fusion and requires a
minimum'of weld wire filler. However, great care is required in
the pre-weld fitting and alignment of parts. Closely spaced
tack welds are required to prevent the misalignment of parts
during welding. All weld surfaces are caréfully cleaned to

prevent foreign particles from contaminating the welds.

The welding of the helium vessels was done in three

distinct stepS...

First, the small clevis bosses were tack welded into
place. The inlet boss opening and the bottom of the hemisphere
wére taped over and argon was passed through the inside of the
hemisphere,whilé a full penetration TIG weld was made around each
of the clevis boss to head joint. 'The locations at which the

clevis bosses are mounted on the head makes necessary elaborate
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fixtures 1f machine welds of the clevis bosses were to be made.
Instead, a simple holding fixture was made and a hand weld was
used for the small clevis bosses. Pressﬁrized gas back-up was

used in making the clevis boss welds.

After completing the clevis boss welds, the large inlet
boss was fitted and tack welded into position. The head was
set up on a rotating welding positioner, pressurized argon gas
was maintained in the interior of the head, and a full penetration

TIG machine weld was made along the boss to head joint.

.

L e

The surface oxides on the boss welds were removed with
a flap wﬁeel.' In order to eliminate the possibiiity of notches
or crevices which might cause corrosion or stress concentrations, -
the boss welds were ground flush to the parent material. This '
grinding was done on the inside head surfaces only. The welds,
were die penetrant check on both sides of the head and inspeéted
radiographically. After inspection the aliénment of the bosses
was checked. The two halves of the vessel just prior to the
final weld are shown in Figure VI-4. Th§ girth weld which joins
the two hemispheres together was the finél weld made on the helium
bottles. The two heads were thoroughly cleaned just prior to this
final weld. .The heads were fitted and tack welded together. The
tack welds were cleaned with a stainless steel wire brush; The
tack welded assembly was set up on the weld ?ositibner and a full
penetration TIG weld was made around the vessel girth. Type 308
stainless steel weld wire was used as filler material. After
welding, oxides were removed from the exterior surfaces with a
flap wheel. Oxidation of the interior of the vessel was prevented by
the pressurized argon gas back-up. The weld was dye checked and

X-rayed; and the preform was then checked dimensionally.
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E. Annealing

In order to eliminate welding carbides( and to remove any

" thermal stress which may have been created in the vessel during
welding, each vessel was solution annealed after Welding.
Solution aﬁnealing is carried out at 1950F. Control of the
oxidation 6f the vessel surfaces is therefore required. Inasmuch
as a rapid quench in cold water is required to maintain carbides

in solution with this material, inert gas or reducing gas

" protection is not very feasible. This is because the vessel

would have to be removed from any protective atmosphere anyway
for access to the quenching tanks. By scrupulously cleaning
the vessel surfaces, it is possible to‘obtain a uniform scalé
which is readily removable by pickling for short times when-
vessels are annealed in air. Vessel interidrs,.however, may be

protected from oxidation.

Each vessel was carefully cleaned in hpf'alkaline detergent
solution and thoroughly rinsed in demiﬁeralized water prior to
annealing. StainleSé\steel tubes were then connected to the
vessel interior in such a way as to permit the flow of argon
into and out of the vessel. Lengths of flexible tubing were
incorporated between the stainless steel tubes and the argon
source. The flexible lines allowed the vessel to be maneuvered
into and out of the furnace while argon flow was maintained. A
minimum of seven vessel volumes of argon was flowed through the
vessel before i£ was placed in the furnace. The vessel, in a
stainless steel-cradle, was placediin t?e 1950F furnace. After

forty minutes, the vessel was removed from the furnace and

immediately plunged into a water bath and covered with a water



spray. As was stated previously, the rapid quench prevents

the formation of carbides by quickly cooling the vessel through
the carbide precipitation temperature range. Argon gas purge
was maintained throughout the annealing cycle. The exterior

of the vessel was cold pickled to remove annealing oxides.

As a final step each vessel was dye penetrant inspected

over its entire exterior surface, and dimensionally inspected.

F., Crvogenic Forminquf the Helium Vessels
' %he stretch forming facility consists of the stretch pit,

a control room and a liguid nitrogen storage and pumping system.

The pit is approximately 18 feet deep by 8 feet in diameter and

accepts forming tanks of various sizes which are filled with

liguid nitrogen for the stretch forming opefation. The size of

the forming tank which is used is dictated by the vessel size.

Often, for cylindrical vessels, the vessel is stretched into a

formihg die. The die limits the total amount of plastic deformatioﬁ

and controls the final diameter of the vessel. ‘Since the middle

of cylindrical vessels stretch more readily than the ends, a

barrel shape results. The die permits the forming of cylindefs

of uniform diaméters. Close dimensional control is achieved

through the use of such dies. Spherical dies may also be used in

the cryogenic stretch forming of vessels. Stretching into a spheri-

cal die could ensure closer dimensional control of the final vessels.

The vessels fabricated for this program, however, were sub-

jected to a "free form" stretch. Dimensional control of a free

42



form vessel is achieved through close inspection of the preform
_ veséel geometry,.and thorough knowledge of the cryogenic
behavior of the material from which the vessel is fabricated.
Cryogenic behavior is determined by'conversion of uniaxial
tensile data into biaxial, sphere cryogenic behavior; A

stretch forming operation proceeds as follows:

A forming tank is filled with liquid nitrogen -to the
‘level which covers the preform to be stretched. The preform
is filled with liquid nitrogen. When the preform is full,
it is lowered to the bottom of the forming tank. At this
time the forming tank is topped off with liquid nitrogen
so that the liguid level is maintained above'thé vessel.
~This‘is-done to insure that boil-off of liquid nitrocgen
in the forming tank will not reduce the liquid level during
stretching and cause a failure due to inadequate refrigeration.
The preform is then connected to the pressﬁrization source
from the control room:. A heavy steel blast mat is placed over

the entire pit as a precautionary measure.

The final phase of the operation is the actual pressur-
ization of the preform. " Liguid nitrogen is pumped into the
refrigerated preform until the preéetermined pressure 1s
achieved. When this occuré a vent valve is opened and the system
is rapidly bled down to atmospheric pressure, ending the stretch.
The pressurization process is contreclled from the control room.
The expanded preform is then removed from the forming tank.

Figure VI-5 shows a cryostretch facility schematic.
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TABLE VI-1

NASA Helium Bottles
P/N D 3590

Postform Dimensions of Production Type Vesgsels

Volume
Dia. Heigﬁt Mezsure
S/N Inches Inches in
3 22.875 24.730 6008.0
4 22.812 24.678 5994.8
6 22.825 24.698 ' 5972.0
7 22.829 24.768 5974.1
8 22.887 24.742 5973.8
9 22.855 24.729 5973.2
10 23.046 25.196 6161.0
11, 23.040 25.188 ' 6168.0



After each vessel was crybgenicaily stretched it was
dye penetrant inspected over its entire outside surface. Each
. vessel was then dimensionally inspected, including volume
measurement. Figure VI-6 shows a vessel after streﬁching, while
Table VI-1 gives the dimensions of the stretched vessels. The

vessels were cleaned and dried after the inspection was complete.

G. Pinal Processing

1. Aging

After each vessel had been cryogehically streﬁch formed,
inspected and cleaned, the vessels were aged in air at 790F
for twenty (20) hours. In the air atmosphere of the furnace at
790F, the stainless steel oxidizes and becomes ‘covered with a
light golden brown film. In order to minimize the oxidation on
the inside of the vessel, argon cgas is kept flowing through

the vessels during aging.

After aging‘wgs complete, aging oxides were removed from
the outside surface of the vessel by vacu-blasting. In order to
remove any oxides which may have accumulated on the inside of the
vessel during aging, the vesséi was partially filled with a
silicon carbide grit, sét up on a rotaiing spindle, and slowly
rotated. A fixture, used to hold the vessel for this purpose,
allowed the vessel to be rotated at various angles and thus
polish the entire interior surface with the silicon carbide grit.
The vessel boss_was.not used as a gupport during grit scrubbing.
Figure VI-7 shows a vessel during the grit scrub operation. After
all aging oxides were removed each vessél was thoroughly cleaned

on the inside and outside and passivated.
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2. Final Testing, Processing and Acceptance

In order‘to hydrotest a finished vessel, it was placed
in a cradle and filled with demineralized water. The vessel
was then connected to a high pressure pump and pressurized to
3500 psig (proof pressure) at room temperature. At 3500 psig
the pump was stopped and vessel pressure was held for one minute.
If the vessel leaked at proof pressure, the pressure gage would
drop. No drop in pressure was noted on any of the vessels. Thé
pressure was released and the vessel emptied. Each vessel was

dried on the inside using an alcohol rinse and dry nitrogen gas.

All vessels which were fabricated from Heat 97107 were
shippe® to Ogden Test Laboratqry on Long Island, N.Y. for helium
leak detection. The helium leak test was‘conducted par Arde
Specification AES 454, Method II (App. D). Each vessel was pres-
surized with helium gas to 2100 psig at room temperature during
leak testing. The vessels were cycled twice to 2100 psig. On
the second cycle the pressure was held at 2100 psig for two minutes
and the helium detector was applied. All vesseis showed a leakage
rate less than 1 x 107° cc/second. A copy of Ogden Test
Laboratory report pertaining to the above testing will be found

in Appendix (E).

After.testing, the inlet boss was final machined to

. blueprint dimensions. Finally, each vessel produced, was
dimensionally and radiographically inspected, weighed, cleanéd

and passivated. The interior of each vessel was purged with dry
nitrogen gas and placeq in a plastic bag, which was also purged
with nitrogen gas, and heat sealed. Thus, each vessel was
protected from the moisture and and contaminants of\the atmosphere.

Figure VI-8 shows a vessel ready for bagging.
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H, PFabrication Results

A total of twelve (12) preforms were fabricated and assigned

serial numbers from 1 through 12.

The first preform, Serial #l, was successfully stretched in
the stretch pit to 5100 psi. This vessel was fabricated from .
Heat 97058.

Vessel, Serial #2, was then stretched and burst in the pit
during the stretch forming operation at a pressure of 5150 psi.
'Failure analysis showed that stretch pit failure resulted from *
presence of exogenous laminar inclusions which had been passed
over by the weld. Further details of failure analysis may be
found in Section VII. Because of the failure of Serial #2,
vessel Serial #1 was aged at 800F and tested at -320F to burst.
The burst test of Serial #1 indicated satisfaétory strength at
-320F. Nevertheless, because of the failure of vessel Serial #2

due to presence of large slag inclusions,vHeat-97058 was rejeeted.

All the remaining vessels,from Heat 97107 Serial # 3
through #9 wére fabricated and stretched successfully
except for Serial #SAWhich burst at 2 stretch pressure of 5800 psi.
Serial #5 showed, upbn examination, a thin region in the vicinity
of the boss which had apparently been excessively machined. The
stretch pit failure of this vessel, then, was not due to the same
cause as that noted in Vessel Serial #2. (A photograph of Vessel
Serial #5 is shown in Figure VI-9. The arrow in the upper photo
pin points failure origin). The remaining six {6) vessels were
then radiographically inspected after the stretch forming opera%ion,

The X-Rays from two of these vessels showed the presence of hair

line cracks in the welds. Vessel S/N 3 had a single crack indication

51



ARDE NG
BATURN - 8-1VB
s HELIUM STORAGE VESSEL
SINS
STRETCH - PIT FAILURE

ERDE NG
SATURN . S-IVB

SINE
STRETCH PIT FAILURE

Saturn S IV B Helium Storage Vessel S/N 5
i Cryogenic Stretch Pit Failure

Figure VI-9

52



and vessel S/N 7 had two such indications. 2As a result, these
two vessels were rejected. The four remaining vessels, S/N 4,
6, 8 and 9 passed radiographic inspection and are considered

Aacceptable for service at -423F.

The nature of the crack-like indications on the two "
rejected vessels, which were not shipped to NASA, was . the
subject of a subsequent investigation described in detail elsewhere

in this report.

Three (3) preforms S/N 10 throﬁgh 12 from Heat 50793
‘were processed of which two (2) S/N 10 and 11 were - subsequently
delivered to NASA. The S/N-12 unit was processed up to the
point of.cryogenic stretching and then terminated since only two

(2) of three (3) vessels processed were\required.

In'summary, six vessels, free fromslag inclusions detectable
by the ultrasonic inspection technique and free from cracks

detectable by radiographic inspection have been shipped to NASA.



s
'

VII EFFECT OF INCLUSIONS ON STRETCHING OF PREFORMS

A. Background

During the hydroforming of hemispheres using sheet rolled
from heat 97058, several defects were noted on the surface of
the parts. These were initially diagnosed as laps caused by
improper sheet rolling. In order to prepare satisfactory heads;
the I.D. surfaces were ground where these laps occurred. In
addition, all finished hemispheres were ultrasonically checked,
using a 1/2" diameter transducer, and a gain level based on a
vstandagd 3/64" diameter flaf bottom hole. No defects were found
by this technique. Two sphere preforms, S/N 1 and S/N 2 were then
fabricated from heat 97058. The first vessel, S/N 1, was success-
fully stretched at -320F to a stretch pressure of 5106 psi. The
second vessel S/N 2 failed, however, during stretch at a pressure
of 5150 psi. Detailed examination of this vessel indicated that
inclusions were the cause of the failure. As a result of this -
examination, heat 97058 was.rejected and the vessels deliverable
under this contract were fabricated instead from a second heat,
97107. Arde's inspection techniques established that four vessels
fabricated from heat 97107 and delivered to NASA, were free from
defects which would be detrimental to their performance at -423?.
A detailed discussion of the failure analysis of the vessels from
the rejected heat and a description of Arde's inspection steps for

insuring the reliability of the delivered vessels, follows.

B. Analvsis of Burst Vessel

The fracture path on vessel S/N 2 followed around the girth
weld near the weld base metal interface. The fracture origin was

located by means of the fracture appearance. At the origin, a
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crescent shaped area could be distinguished on the fracture face.

Examination of this area at 30X showed three suspicious features:

l. An apparent “"split", laminar in nature which
seemed to penetrate into the base metal.

2. A greenish colored protrusion which matched a hole
of the same color on the mating fracture face..

3. Grainy area which showed black under one direction‘
of illumination, and sparkled with apparent facets

under other directions of illumination.

Microsection revealed that the cause of failure was a

~ laminar slag inclusion which extended for at least .180 inches in
length from the fracture edge into the base metal. This was shown

by sectioning through the laminar split seen on the fracture face.
Sections near the green protrusion demonstrated a considerable amount

of non-metallic material and crack-like voids in the weld itself.

No additional information was elicited from sectioning
the faceted areas and this section was therefore not pursued
further than a few polishes which revealed nothiné. It is con~
cluded that the "facets" were probably burnished metal caused

by rubbing of the mating fracture faces at that location;

A series of overlapping micro photographs were made to
show the extent of the laminar inclusion (see Figure VII-1).
The region in the weld adjacent to the green protrusion isshown
in Figure VII-2a. Figure VII-2b shows the laminar inclusicn in
relation to the weld metal and in relation to the base metal

. ”
surfaces. The laminar inclusion was lccated approximately .006
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inches from the I.D. surface of the hemisphere. The thickness
of the thickest part of the inclusion is apﬁroximately .0005
inches.,. k | )

The location of the defects in the weld metal, adjacent
to the green protrusion, is shown by Figure VII-3a. A high
magnification view of non-metallic material in the laminar in-

clusion is shown in Figure VII-3b,.

It is interesting to note in Figure VII-2b that the edge
of the weld did not appear to disturb the inclusions. However,
it is suspected that the inclusions in Figure VII-2a were washed
up by the Weld from the lémiﬁar inclusion shown in Figure VII-1,
Figure VII-2b is on the opposite side of the fracture face from
Figure VII-3a. The section in Figure VII-3a was taken about
1/4 inéh in the direction of welding from the section in Figure
VII-2b. | .

It was concluded from these observations that the pre-
mature stretch pit failure of_S/N 2 resulted from the inter-
action of a large lamina? inclusion in the base metal with the
weld. As was previously -noted, laps had been observed during the
hydroforming of hemispheres made from this same heat of material.
Sectioning of one of these laps showed the same type of laminar

inclusion.

Routine microsections during incepming material inspection

had not detected this type of slag inclusion. Since the
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distribution of these material defects is quite sparse, the
likelihood of detection by microsection 6f sam@le sheet is
limited. The laminar nature of these inclusions, and the fact
that they are so thin makes them undetectable by radiographic
inspection. Sphere S/N 1 had already been successfully
stretched although it had been made from this same heat; It
was suspected from the failure analysis of S/N 2 sphere that
some of these inclusions might exist in the suqcessfully
stretched sphere, but had not been encountered by the welding.
_Sphénﬁ S/N 1 was, therefore, aged and deliberately burst tested
at ;320F_to determine if the slag inclusion did, indeed; exist
in the successfully stretched sphere; or at least if any
deleterious effect could be cbserved in the mechanical properties

of a completed, successfully stretched sphere.

C. A4nalysis of Spheré S/N 1 Burst Tested at'—BZCF

NASA helium sphere, Part No. D3590, S/N 1, was tested at -320F
‘after stretching and aging. The sphere burst at 6250 psi, which
represents a stress level of approximately 325 ksi. The burst
stress was satisfactory for this vessel. However, since other
vessels fabricated from this heat exhibited laminar inclusions,
the vessel was examined to establish if the fracture path.passed
through‘such a defect. No evidence of such a defect was noted
at the fracture origin. The origin showed no sign of brittle
failure, and fracture was simply due to exceeding the strength

of the material.
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Examination of the fracture face showed a region some
"six inches from the fracture origin which>exhibited laminar
splitting. ' A view of one of a section in this region is
shown at 25X in Figure'VII;4a (section made perpendicular to

the fracture edge) showed three suspicious indications:

1. A large triangular ﬁOle.

2. A diagonal crack which, although not unusual near
a fracture edge,'appears to contain non-metallic
matefial. '

3. A laminar inclusion about .plO" long, similar to
that observed in vessel S/N 2., Figure VII-4b shows
the laminar inclusion at a magnification of 100X.
Figure VII-5a shows a triangular hole at 200X. It
should be noted that the hole appears clean and .
probably is a result of material pu1led out during
fracture. This sort of thiﬁg is not unusual near -a

fracture -edge.

Figures VII-5b, VII-6a, and VII-6b show a view of the
diagonal crack. It appears to be associated with non-metallic
material. Although the ﬁresence of'a'crack is not unusual near
a fracture, the non-metallic material associated with the crack are
unﬁsual. t was not definitely established by the investigation
whether the material in the diagonal crack was actually non-
metallic inclusions. The material in the diagonal crack may have
been artifacts from the polishing operatlon during mount preparation.
The laminar slag inclusion in Figure VII-4b, however, is definitely

not an artifact.
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Several conclusions could be drawn from the results
observed with the two spheres, S/N 1 and S/N 2. These were

as follows:

1) The laminar slag inclusions caused failure during

stretch forming where a weld passed over them.A

2) The slag inclusion noted in the base metal of a
successfully stretched and aged sphere did not affect per-

formance at ~-320F.

- 3) The slag inclusion noted in sphere S/N 2, which
burst during cryogenic stretch forming was not a singular
occurrence but probably existed in any.of the hemispheres in
which the previously described surface laps were observed
Vduring hydroforming. The entire heat 97058, therefore, was
suspect. |

4) The cryogenic st:etch forming process was apparently
capable of self inspection; that is, vessels.in which a weld
passed over an inclusion would fail in the cryogenic stretch
operation, thus weeding out most unreliable vessels. If they
did not fail during stretch, at least those defects which were
present would enlarge and be detectable by radiographié inspection.

5) A test of a completed vessel at -320F indicated no

deleterious effect of inclusions in the base metal.

It was decided that for utmost reliability heat 97058
should be discarded and an inspection method worked out, which

would detect these defects if they existed in another heat which

4

was available.
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D. Methods for Detection of Slag Inclusions

Iﬁ order to detect the type of thin laminar inclusion
observed ih the two vessels fabricated from heat 97058,“
it was felt that a suitable ultrasonic inspection techniqgue
wouid have to be evolved. Arrangements were made with Magna-
flux Corp., Materials Testing Laboratory to conduct the necessary
experiments. The objective of the experiments was to detect
defects which could be verified by metallographic sectioning.
Earlier ultrasonic inspection of the hemispheres which con-
stituted S/N 1 and S/N 2 spherés, had been made with a 1/2"
diameter transducef. This inspection detected no defects where
it was definitely shown after failure that defects did exist.
However, through the use of a focusing beam transducer, which
~covefs an area about 1/8" in diameter, indications were noted
on some of the suspect hemispheres. Sectioning of a heat at an
indicatién verified that a laminar inclusion'did in fact exist

at the location detected by the transducer.

The heads were immersed in water for transmission éf tﬁe
ultrasonic vibration from the transducer to the parts. Because
of the part shape, the ﬁransducer_was manually traversed over
the surface of the hemisphere rather than autoﬁatically traversed.
The oscilloscope gain was set to give 85% saturation for the
standard which was again a 3/64" diémeter flat bottomed hole.

All indications of any applicable level above background were
reported. It is interesting to noﬁe tﬁgt no more than one or two

indications were noted on any head made from heat 97058. This
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explained why it was unlikely that such defects could be detected
by microsectioning of incoming sheet material. As was previously
stated, the thickness of the laminar inclusions was small. This

made them undetectable by radiographic techniques,

As a result of this work, Arde 1is revising their material
acceptance specifications in order to avoid material of this
nature in the future. The new specifications will call for
sampling inspection of each batch of sheet stock by means of the
ultrasonic technique used on the hemispheres described above.
For sheet material, automatic inspection can be utilized. The
transdficer is automatically traversed over the entire sheeé with
overlapping of each pass. A permanent ipspection.record is also
obtained as the instrument output is recorded. Arde's present
specification calls for radiographic sampling inspectioﬁ of in-
coming batches of sheet. However, the experience reported here,

‘with the laminar slag inclusion indicates that radiographic

inspection is not satisfactory for this type of defect.

E. Insvection of Deliverable Vessels

Using the ultrasonic fécusing beam transducer inspection
technique, heads formed from another heat, 97107, were scanned
and found to be free from this type of defect. These hemispheres
were used in fabricating the spheres deliverable under the con-
tract. After fabricating preforms from these heads, the stretch
forming process acted as a self-inspection technigue, assuring
that no defects of a size sufficient to cause bursting in the
stretch pit were present. Finally, gftek stretching, and helium

leak testing under pressure, an additional radiographic inspection
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was performed. The four vessels which were delivered were found

to be free of defects at all stages of the inspection indicated.

above. Two additional vessels made from heat 97107, however, did
exhibit cfescent shaped indications upon final radiographic inspection
and were accordingly rejected and not shipped to NASA, Thus, in

summary, the four vessels from Heat 97107 which were delivered, were
considered free from defects which can deteriorate their performance
at -423F. ' '

F. Metallograpvhic Examination of X-Ray Detected Weld Defects

.~ Two vessels S/N 3 and S/N 7 fabricated from Heat 97107 were
successfully stretched but were nevertheless rejected on the basis
of weld defects detected by radiographic inspection. The X-ray -
photographs showed crescent shaped defects in the center of the
girth weld after cryoforming. These defects were not detectable
prior to stretching. In order to determine the nature of these
defects, a piece of the weld from sphere S/N 3 was cut out and a
métallographic sectionlmade. Examination under the microécope
revealed no solid non-metallic inclusions, but showed gas pockets,
These voids are shown in Figuré Vii-7. The,similarity between these
defects and those seen in S/N 2 (Figure VII-2a) is striking.
However, none of the hard particles seen in §/N 2 (Figure VII-2a) -
were noted. In addition, further sectioning along the weld in the
vicinity of the defect in S/N 3 did not show direct evidence of the
laminar inclusion seen in S/N 2 (Figure VII-2bj. The defect in fhe»
S/N 3 weld, in conclusion, is gas porosity. The source of the defect
could not be determined, however. It is possible that such a defect
could occur if a small slag inclusion were encountered by the weld.
However, weld porosity can also be caused by any number of other
factors unrelated to the laminar slag inclusions noted on the
previous vessels. The defect, fortunately, was readily detectable

by radicgraphic inspection after cryoforming.
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VIII MATERIAL PROPERTIES

A, Mechanical Test Procedures ' -

1. Description of>Mechanical Tests

The uniaxial stress-strain curve at -320F is important
in predicting the behavior of preforms fabricated from a
particular heat of material during cryogenic stretch forming.
-In addition, the =320F stress-strain curve is usea'to evaluate
the acceptability of a particular heat by indicating any
departures from normal behavior in this respect. Therefore,
stress~strain curves at -320F were generated for each of the

heats available for this program.

’ In addition to the uniaxial stress-strain curves at
-320F, mechanicai testing was conducted to establish the
strength of ﬁhe materials after stretching ‘and aging. During
the cryogenic stretch forming operation, the material undergoés a
transformation from éustenite to martensite which results in
increased strength. Further augmentation of this strength
can be obtained by agingithe méterial at 790F for 20 hours
after cryogenic deformation. The response of each heat to ~320F
stretching and aging is dependent upon the amount of stretching
to which the material is subjected. Therefore, specimens from
each heat were subjected to different prestrains at -320F prior
to aging and testing; A sufficient number of prestrained
specimens were prepared from each heat to permit evaluation of
its performance at room temperature, -423F and in some cases at
~320F., Yield and tensile strengths were determined at the three

temperatures,
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In addition, notched specimens were prepared from
additional prestrained specimens and these were tested to
evaluate the behavior of the material in.the presence of
mechanical defects. The notch specimens were tested at the
three temperatures previously indicated. Finally, welded
specimens from two of the heats were notched and tested at room

temperature and at -423F.

2. General Test Procedures and Specimen Preparation

Because of the variety of tests performed, a number of
speéfhen types were utilized. . All specimens, however, were

processed in accordance with the following sequence:

1. Specimens were cut from sheet stock with the
sheet rolling direction parallel to the tension
direction of the specimen. Gage sections,
approximately two and one half .inches long, were

machined into each specimen.

2. Specimens were then solution annealed, pickled
and passivated in accordance with the Arde specifi-

-catipns applied to Ardeform parts.

3. The annealed specimens were then prestrained at
~320F in a cryostat mounted cn a 60,000 1b. '
hydraulic universal testing machine. The annealed
specimens ﬁsed to estabiish the -320 stress-strain
curve were simply pulled to failure in the cryostat,
while a load-strain curve was automatically plotted

using an X-~Y recorder.
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4. The prestrained specimens used for smooth
tension tests were then aged for 20 hours at
790F + 10F. After aging, smooth specimens

were tested at the required test temperatures.

5. Prestrained specimens used for machined notch
testing were notched in the unaged condition
and then aged at 790F + 10F for 20 hours.
Notched specimens were then tested at the
three test temperatures at -423F, 320F and

! . room temperature..

B. Tensile Testing

1. Description of Tensile Tests

. The first specimen from each heat was-pulled to failure
at =-320F in the annealed condition in order.to evaluate the
performance of each heat during transformation from the
austenite (annealed) to martensite. Onelgmooth tensile test
specimen (Figure VIII-1) from each heat was placed in a
liquiad nitroéen filled cryostat that had been set up on a
Tinius Olsen'tensile test machine. An extensometer was
connected to the gage section of the specimen. The speciﬁen
was then pulled to failure while a lecad-strain curve was
automatiéally plotted. The set up used for generating ~320F
stress~strain data, and for prestraining the specimené is

shown in Figure VIII-2,
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In order to evaluate the heats for their strength aftér
prestraining and aging, six specimens from each heat were cryo-
genically prestrained to somewhat less tﬁan the failure strain
of the first specimen. The stress-strain curve generated from
the first specimen was used to establish the prestress levels~
for these six specimens. Generally, two of the six specimens
were pulled to a high cryogenic prestress leVel, two spécimens
were pulled td a moderate prestress level, and two were pulled
to a low prestress level., Load~strain curves were plotted for
all specimens during prestraining at -320F and these curves were
used #£0 check the -320F stress~strain curve from the initial
specimen: Area measurements were taken at nine different places
along the gage section of each specimenl both before and after
each tensile test. A two inchkgage length was also lightly
scribed on each specimen. Mechanical measurements cf this gaggi
length were taken before and after each test. The gage elongations'
measured, using this technique, were used to check the elongaticns

in the 2" gage length recorded by the automatic plotter.

All the prestrained specimens wefe then aged for twenty {(20)
hours at 790F. Three of the specimens, éach prestrained to a
different cryogenic prestress level, were then subjected to a room
temperature tensile test. The three remaining prestrained

specimens from each heat were tested in tension at -320F.
The -320F and room temperature strength data from the

testing described above was evaluated and a tentative design

prestrain selected. The -423F strehgth of the spherical pressure
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vessels to be built during the program had to be the basis for:
selection of the tentative design prestrain. At the time the
design was initiated; no —-423F data on the heats purchased was
available. Therefore, an estimate of the prestrain required for
the desired -423F strength was made by extrapolation of the
tensile test data obtained at -~320F and room temperature. The
~extrapolation was based on -423F data available from low silicon

material previously tested.

In order to confirm the validity of the selected prestrain,
two additional specimens from each heat were prepared for -423F
testing. These two specimens were preétrained to the selected
level and aged at 790F for 20 hours before testing at -423F.

The tensile tests at -423F were performed at Wylie Laboratories
inasmuch as Arde has no facilities for -423F testing. Automatic

plots of the load strain relationships were made for each -423F
test. The -423F test data obtained confirmed the extrapolated

values. ’ T

2. Reduction of Data from Tensile Tests
The following raw data was obtained for each heat tested:

1) =320F load-strain curve.
2) Load strain curves from the tensile tests of cryo-
genically prestrained and aged specimens at room

temperature, -320F and —-423F.

This raw data was converted to more useful plots and data which
defined the characteristics of the material. The converted informa-

tion is as follows:

e
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a) A =320F trueAstress~vs_true_strain curve for each
heat in the annealed condition.
b) The yield strength at the test femperatures of -423F,
| ;-320F and room temperature as a functionAof cryogenic
“prestress. .
c) The nominal tensile strength at the same test tempera-

tures as a function of cryogenic prestress.

It should be noted that in many cases only one prestress -
"was utilized for testing at -423F and therefore strength levels
as a function of -320F prestress was not completely defined at
this temperature.

The ioad strain cﬁrvé generated from the -320F tensile
test_of-annealed material from each heat was converted into a
true stress ( & ) vs true strain ( & ) curve where:

G- = Load (J+unit elongation) (1)
Specimen area before test

and € = 1n (ltunit elongation) (2)

In the ébove eguation the true stress is based on the
assumption of constancy of volume, using specimen elongation as
a measure of the cross-sectional area‘reductionrunder load. The
curves generated from the above calculations were plotted for each

heat and are preéented on Figures VIII-3 to VIII-7,

The yield point at .2% offset, and the nominal tensile

strength were calculated for each test Jf a prestrained specimen.
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The yield point was established using the offset method
specified in ASTM Specification E8-57T. The nominal ultimate

strength (S) was calculated using:

S = Failure Load (3)
Specimen Area Prior to Test

The-yield and nominal ultimate strength for each
tensile test, at each test temperature, are tabulated on
Tables VIII-1 to VIII-5, The -320F trué prestress of eéch
speci§en is listed with its strength level. It should be -
noted that for these tests the true prestress was calculated

using : | N

¢~ = Prestress Load (4)
Area after Test :

In the true prestress calculation in Equation (4), the
elastic deformation is not taken into account since area measure-
ments are made after the specimen is unloaded. However, the

error is of the order of less than 1% in the prestress.

The yield and tensile strength is plotted as a function
of true prestress for each heat at room temperature and -320F
in Figures VIII-8 to VIII-17.

e 3

3. Evaluation of Tensile Test Data

Four of the five heats tested under this program

demonstrated similar behavior during cryogenic transformation
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TABLE VIII~-1

MECHANICAIL PROPERTIES OF LOW SILICON

ARDEFORM MATERIAL ~ AGED CONDITION

Heat 97056

* Extensometer slipped

84

-320F Prestrain Cond. Final Test to Failure

Yield ~Tensile

_ E True Strength | Strength
est | % Elong. Stress at .2% |. % Elong.| Test
No. in 2" ksi Offset ksi in 2" Temp.
46 14.1 301.9 276.0 277.1 1.3 Room
47 9.1 240.7 252.3 255.6 1.45 Room
48 6.0 166.5 215.1 - 219.7 1.75 | Room
43 14.0 298.0 350.0 351.0 1.7 -320F
44 - 9.0 232.7 * 322.4 2.3 ~320F
45 6.0 169.4 272.9 297.6 13.3 -320F
49 10.4 259.3 328.7 333.4 2.05 | -320F
.1 246.0 362.0 369.0 - ~423F
4 . 245.0 354.0 363.0 - -423F




TABLE VIIT-2.

MECHA&ICAL PROPERTIES OF LOW SILICCN

ARDEFORM MATERIAL = AGED CONDITION

Heat 97057

237.0

359.0

%% Failed before yield

85

-320F Prestrain Cond. Final Test to Failure
Yield Tensile
True Strength | Strength .
Test | % Elong. Stress at .2% % Elong, | Test
No. in 2" ksi Qffset ksi in 2" Temp ..
55 13,0 293.2 270.8 271.8 | 1.37 Room
56 8.7 237.0 250.7 | . 254.5 1.6 Room
57 5.6 170.2 216.2 223.6 1.6 Room
52 13.7 295.3 343.6 345.6 1.4 ~320F
53 8.4 236.5° 321.2 324.1 | 1.67 ~320F
54 5.6 171.1 277.7 301.0 |12.0 ~320F
5 . 237.0 * 362.0 - —423F
6 . 363.0 - -423F




TABLE VIII-3

MECHANICAL PROPERTIES OF LOW SILICON

ARDEFORM MATERIAL - AGED CONDITION

Heat 97058
-320F Prestrain Cond. Final Test to Failure

Yield Tensile

True Strength | Strength
Test | @& Elong. Stress | = at .2% % Elong. | Test
No. in 2" . ksi - _Offset - ksi in 2" Temp .
4 11.0 277.3 261.1- | 263.5 | 1.5 Roomn
8.5 247.5 252.7 254.7 1.25 Room
9 14.5 298.8 265.5 268.2 1.35 Room
6 14.5 298.0 | 338.8 | 342.9 | 1.7 -320F
13.5 291.6 338.3 |- 340.7 - ~320F
8 8.0 231.1 * 320.0 - ~320F
1 11.3 284.0 381.0 1384.0 - -423F
2 11.5 . 285.0 *k 381.0 - ~423F

* Extensometer slipped

*%* Failed before yield
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TABLE VIII-4

MECHANICAL PROPERTIES OF LOW SILICON

ARDEFORM MATERIAL — AGED CONDITION

Heat 97106

~320F Prestrain - Cond. ' Final Test to Failure i

"Yield Tensile

True Strength | Strength
Test | % Elong. Stress at .2% .| % Elong.| Test
No. in 2" ksi = QOffset ksi in 2" Temp .,
°.0 239.0 212.9 212.9 .95 Room
7.5 230.0- 209.3 209.3 .90 Room
10 4,0 207 .2 : 200.0 200.4 1.2 Room
11 4.1 209.9 * 273.0 - -320F
12 10.7 243.8 * 281.7 - ~320F
i3 8.0 . 236.6 * 280.6 - -320F

* Extensometer slipped
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TABLE VIII-~5

MECHANICAL PROPERTIES OF LOW SILICON

ARDEFORM MATERIAL -~ AGED CONDITION

‘Heat 97107

-320F Prestrain Cond.

Pinal Test to Failure

: - Yield Tensile
; True Strength | Strength
Test | % Elong. Stress at .2% % Elong. | Test
No. in 2% ksi . Offset ksi in 2" Tenp.
3 11.0 269.0 249,3 251.,2 1.4 Room -
4 9.3 253.5 243,2 247.4 1.6 Room |
6.1 202.6 221.9 228.8 1.6 Room |
6 11.0 271.3 * 324.2 - ~320F)
7 9.5 260.0 316.1 320.0 1.65 ~320F
8 6.0 200.2 286.6 293.7 1.65 -320F
9 11.0 272.5 324.2 328.6 1.65 ~320F
1 9.8 259.0 367.0 369.0 - ~423F
2 . 252.,0 352.0 363.0 - ~423F

* Extensometer slipped
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from the austenite to martensite., These four heats, numbers
97056, 97057, 97058 and 97107 also showed good strength levels
after prestraining aﬁd aging. Three of these, 97056, 97057 and
97058 have almost identical strength levels at room temperature,
-320F and -423F. Heat 97107 shows an aged strength response -
that, while very adequate, is'approximately 10 ksi below those

demonstrated by the first three heats.

Heat 97106 has a poor response to cryogenic strain induced
transformation. The prestrained and aged room temperature .
and -320F strength of the material was low, The poor performance
of this heat 97106 probably is caused by its low chromium content

‘which is outside the specification requirements and which caused
rejection of this heat. Tests of this heat were conducted to
determine if the low chrome leveliwould affect the material
behavior, and was indeed sufficient cause for rejection. Because
of the requirements for material early in the program it was felt
advantageous to determine if the heat was usable. MRB revie%
‘resulted in the decision to reject unless tensile data could show .
thatAthe properties were acceptable. The tensile test results

indicated above, of course, definitely eliminatedthis heat.

C. DNotch Testing

1. Notch Tensile Test Procedure

All heats were notch tested using a type D3517 specimen
(see Figure VIII-lS)L Each notch test specimen was measured and
cryogenically prestrained in a manner similar to the smooth

P4

specimeﬁs.. The specimens for each heat were all subjected to
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similar prestress levels; the prestress levels of the specimens
being dictated by the design requirements of the vessel.
After prestraining, each specimen was aged. The true prestress

was calculated using:

Prestress = Ultimate Load
Specimen's Area After Test -

The cracks in the partial thickness surface cracked
specimens were generated by first punching a small starter .
notch in the centsr of the gage section using a small chisel
shaped tool. The specimens were then fatigue cracked in
bending on a Wiedemann-Baldwin fatigue tester. See
Figure VIII~19, Approximately 10,000 cycles at a computed
bénding stresses of about 45% of yield strength was required
to produce a fatigue crack at each tip of the wedge shaped
starter notch. This type of cYclic loading pfoduced a crack .
transverse to the tension direction of the specimen and partially
through the specimen thickness. The crack was viewed through a
10X microscope as it was propagated., When the crack reached
the desired length, the loading was stopped. Each notched
specimen was then pulled to failure. Measurements of the notch |
size and specimen cross-sectional area was made.r Figure VIII-20
shows close-up cross-section view of a crack in a tested

tensile specimen.
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Surface Fatigue Crack in Uniaxial Specimen

Figure VIII-20
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Six tensile speciméns from heat 97058, and six
specimens from heat 97107 were prepared in the above manner.
These specimens were tested at room temperature, -320F and
~423F; two specimens from eachfheat being tested at each
temperature. Four additional specimens were prepared, two
each from heats 97056 and 97057. Inasmuch as -423F is the
most critical opefating condition, these four specimens were
tested at this temperature. Testing at room temperature and
~320F was conducted by ARDE. Testing at -423F was conducted
by Wyfe Labs in Ccrona, California. Those specimens which'were
sent to Wyle Labs were vacu~blasted, cleaned and passivated

kY

after aging.

One specimen from heat 97056, did not fail in the
center notch area during the =423F testing. Failure occurred
near the end of the specimen gage section. .This.area is _
adjacent to the section of the specimen which was clamped to
the fatigue cracking machine (see Figure VIII-2la). Apparently,
the crack was started at the specimen edge in this region during
the fatigue cycling. The specimen failed at this crack rather .
than at the central crack during liquid hydrogen testing.' A
photograph of this crack is shown in Figure VIII-21Db.

2. Reduction of Notch Test Data

The notch test results were evaluated on the basis

of nominal KIc values. The notch testing was intended primarily
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to evaluate the -423F behavior of the material used in this
program by comparison with their behavior at room temperature,

as well as to obtain some idea of a critical notch size under
design operating conditions. The fracture toughness parameter
measured here is considered nominal in that the exact notch size
at the onset of rapid crack propagation waé not determined nor
was a pop-in load determined. Instead, the initial fatigue crack
dimensions and the maximum load at failure were used in the

equation below:

KIC

ft

£21 T Aw )
\ - 2 .
66'« Ef-.2/2(csa./63) S \

S e
&

i

where E2

%2 - Amz _ sz
Am2
Am = Notch ILength
2

Cm = Notch Depth

P = VUltimate Load
cié = Gross Stress = P

Gross Specimen Area

Gy = Equivalent smooth yield stress of material

In addition, difficulty is ordinarily experienced in
specimens of this type in limiting the depth of the initial crack

to less than 1/2 the sheet thickness.
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Under these conditions, the notch is inadequately

restrained and plane strain conditions are not met.

In addition, the net fracture stress ( &) and the

notch ratio for each specimen was calculated using

where W = specimen width
. € and B = specimen‘thickness
Notch ratio = Sy,
; @3 .

All notch data is presented in Table VIII-6. .
Average notch values for each heat are plotted in Figures VIII-22,
© VIII-23 and VIII-24. It should also be noted that in most
instances at room temperature and -320F the ratio of the gross
notch strength to yield strength exceeded .8. Under these con-

ditions, of course, accurate K value cannot be obtained. Such

data merely indicates the highxzolerance,of the material to
notches of the type introduced and an approximation to actual
KIc value for the material. At -423F all gross fracture stress
ratios are less than .8; this indicates that the specimen design

is satisfactory for K determination at -423F.

Ic
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D. Mechanical Testing of Welds

1. Test Specimens and Procedure

In addition to the previously described smooth and
notch testing conducted to evaluate the basic material, the
weld strength of the material was also evaluated by NASA at
Marshall. Twenty-four (24) type D3617 (See Figure VIII-25)
specimens were prepared by Arde for the.testing program.
Twelve (12) specimens were fabricated from a .060 nominal thick-
ness sheet of heat 97058, and twelve (12) specimens from
heat 97107. All specimens>were cut with the rolling direction of
the sheet stock parallel to the specimen gage length. Prior
to cutting, each sheet of material was welded with a full pene~
tration TIG weld bead. Wélds were not machined flush to the
material surface but were left with the slight under and over

bead normal to the process.

After all machining was completed, -each specimen was
cleaned in mild alkaline detergent, annealed, pickled and

passivated.

The specimens were all subject to similar cryogenic
prestress levels. The prestrain of the specimens were dictated
by the design reguirements of the vessel. The true prestress
of each specimen was calculated using

g = Load

Specimen Area After Prestrain
and Prior to Machining

I

The weld bead was not included in the specimen thickness measurement.

112



After prestraining, each specimen gage section was re-
machined to a .500 inch width. All machining was done with
sufficient quantities of coolant to prevént overheating the
specimen. Each specimen was aged for 20 hours at 790F, vacu-
blasted to remove aging oxides, cleaned in detergent and

passivated.

Each specimen was bagged in plastic. All the specimené
were shipped tc NASA for notching and testing. Figure VIII-25
shows the prestrained, remachined speciﬁen before notching.

o |
| At NASA the weld bead was left intact and edge notches
were machined as nearly as possible on‘'the centerline of the
weld. The notches were designed to produce a KT of 10. Tests .
were made at room £emperature and at -423F. Test results obtained
in the NASA Laboratories are reproduced in Table VIII-7 and

VIII-8.

E. Stress Corrosion Susceptibility Testing of Welded
Ardeform Material

1. Specimen Fabrication History

Ten (10)' type D3617 specimens were prepared for the
stress corrosion testing program at NASA's Marshall Space Flight
Center. All specimens were fabricated from a .060 nominal thick-
ness sheet of Arde low silicon material heat 97058. All
specimens were cut with the rolling direction of the sheet stock

parallel to the specimen gage length. Prior to cutting, the
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- Welded Tensile Specimen

Figure VIII-25
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TABLE VIII-~7

MECHANICAL PROPERTIES OF ARDEFORMED LOW Si
STAINLESS STEEL WELDED TENSILE SPECIMENS

Heat and True Cryo Test Temp. U.T.S. 0.2 Per- Elongation’
Spec. Prestress (°F) (psi) cent Y.S. Percent in
No. ksi (psi) in 2"
97058- 7 281 R.T. 259,090 258,390 -
- 8 281 R.T. 249,320 246,960 3.5
- 2 277 -423 379,125 370,030 1.5
-3 281 ~423 383,665 374,000 1.5
-11 282 -423 382,650 374,690 1.5
-14 280 ~423 384,350 379,590 1.5
97107-10 254 R.T. 243,110 240,990 3.0
-18 253 R.T. 238,360 236,300 3.5
~11 254 ~423 364,810 353,310 1.5
-12 255 ~-423 364,110 349,130 1.5
-16 254 -423 366,900 353,310 1.5
~-19 269 -423 373,500 1.5
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TABLE VIII-8

NOTCHED TENSILE PROPERTIES OF ARDEFORMED LOW Si
STAINLESS STEEL WELDED TENSILE SPECIMENS

Heat and True Cryo Test Temp. Notched N/UN Ratio
Spec. Prestress o Tensile _
No. ksi F Strength (Kt=10) |
(psi) '
97058~ ¢ 280 R.T. 302,955 -
-10 278 R.T. 289, 640 fverage 1.16
-5 279 -423 277,780 .
-9 278 -423 269,410 High - 0.74
-12 283 -423 266,930 Low - 0.69
-13 282 -423 281,500 - Average ~0.72
97107- 9 255 R.T. 304,110 -
. A .2
~20 255 R.T. 306,370 verage 1.27
-13 253 -423 260,740
-14 255 -423 329,100 High - 0.90
-15 256 -423 293,830 " Low - 0.69

-17 255 -423 317,660 Average - 0.82



sheet material was welded with a full penetration TIG weld.
- The weld was made using argon gas back—up.' The welds in these
specimens were also left with the slight under and over .bead

which is normal for the welding process.

After all machining was completed, each specimen was
cleaned in mild alkaline detergent, annealed, pickled and

passivated in hot nitric acid-sodium dichromate solution.

Each specimen was placed in a bath of liquid nitrogen
and preétreséed to a true stress ( E% ) of approximafely
272 ksi. The gage width and thickness of the specimens were
measured both before and aftér prestraining, and areas cal-
culated. The weld bead was not included in thickness. The
true prestress was calculated using the area of the specimen
after prestraining:

~

Prestress = Load
: Area After Prestrain

The cryogenic prestress'level énd predicted room temperature
yield stress of each specimen is shown in Table VIII-9. Each
specimen was aged for 20 hours at 790F, vacu-blasted to remove
aging oxides, cleaned in detergent and passivated. Specimens were
bagged in plastic and shipped to NASA for stress corrosion

testing.
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TABLE VIII-9

Crvogenic Prestrain of Corrosion Test Specimens

Serial Heat Cryogenic Predicted R.T.

Number Number Prestress Yield
Stress
ksi ksi
15 97058 282 ‘ 262
16 . 278 ' 261
17 284 263
18 282 . 262
19 279 261
20 . 281 . 262
21 279 - 261
22 284 263
23 283 . 263
24 V 282 | 262
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2. Test Procedure and Results

The specimens were stressed by constant deflection
using a fixed span snap~in frame. Three specimens were loaded
in tension to 190 ksi (75% Y.S.) and three to 227 ksi (90% Y.S.).
The test environment consisted of alternate immersion in a
neutral 3 1/2 percent solution of sodium chloride at ambient
temperature. A Ferris wheel type tester was used which
cycled in such a manner that the specimens were immersed in
the solution for ten minutes, followed by fifty minutes of
drying above the solution. This material was found to be
resistant to stress—corrosién cracking under the test conditions
in thgt no failures were encountered at either stress load

(190 and 227 ksi) after six months of exposure.

F. Data Addendum

The data curves for heat 50793, which is épplicable to the
‘material used in the fabrication of the S/N 10 and 11 vessels

is proVided in Appendix F.
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IX. SATURN S IV B HELIUM STORAGE VESSELS, RECOM-~
MENDED HANDLING PROCEDURES DURING QUALIFICATION
TESTING -

1. Introduction

The combined influence of stress and corrosion can cause pre-
mature failure in most metals and alloys. Such failures can
occur below the design stress, even in those environments where
general corrosion may not be noticeable. Fortunately, the con-
ditions of service and the service environments which may result
 in such failures, tend to be specific for. each material. For
these reasons, it is important that the Saturn 8 IV B Helium
Storage pressure vessels be projected from the specific service
conditions and service environments which can degrade the per-

formance of ARDEFORM material.

2. Hydrogen Embrittlement and Stress Corrosion

It-has long been known that embrittlement of high yield strength
alloy steels may be caused by penetration of the metal by atomic
hydrogen. Austenitic stainless steels, on the other hand, show
little, if any, tendency toward embrittlement by atomic hydrogen.
ARDEFORM pressure vessels are fabricated by a process which trans-
forms austenitic stainless steel to & low carbon martensite of very
high yield strength. Therefore, it must be expected that trans-
formed material will behave in a manner similar to that of the high
strength alloy steels in the presence of atomic hydrogen. Since
the stainless steel surface of ARDEFORMed pressure vessels are

passivated, they have excellent resistance to general corrosion.
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However, if attachments to the vessel proviae a crevice where
condensed water vapor can accumulate, local oxygen concentration
cells ﬁay be set up as a result of the difference between the
oxygen concentrations of the condensation exposed to tﬁe air

and the moisture trapped in the crevice. Such cells break down
the passivation and cause a very slow, highly localized'pitting
attack, which in itself is not serious except over very long
periods of service. Unfortunately, atomic hydrogen is a product
of the pitting corrosion and may’cause embrittlement under such

service conditions.

The hydrogen embrittlement of ARDEFORM material has,
in all cases, been traced to the release of hydrogen as a result
of either galvanic action or local electromechanical corrosion.
In-all‘caées it has been possible to modify the application or

use conditions to eliminate the cause of the embrittlement.

ARDEFORM material shows, in generél, good resistance
to stress corrosion in the presence of various environments.
Users, however, are urged to consult Arde, Inc. concerning any
test prbcedure or application which will subject the vessel to

environments not contemplated in the design of vessels.

In order to protect the Saturn S IV B Helium Storage
vessels from moisture during shipment they were purged with dry
'nitrogen gas and placed in a plastic bag which was also purged

with dry nitrogen gas prior to being heat sealed.
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3. Recommendations

1) Straps or similar crevice forming devices should not be
used to hold the Saturn S IV B Helium Storage vessels. Instead,
test stands should be désigned and built with appropriate support
fittings to match the bosses and clevices of the vessel. See .
Figure IX~1 and IX-2.

2) Only type 300 series stainless steel shall be used for all
mounting hardware and fixtures which will come in contact with the
vessel. All hardware, fixtures, etc. should be thoroughly washed ’
and cleaned prior to use with these vessels.

3) Avoid the application of substances containing chlorides,
sulfides, organic amines to the surface of ARDEFORM vessels.
Substances of unknown composition should not be applied indiscriminately.
Consult ARDE before using any adhesive, coating, or waterproofing
material on the surface of ARDEFORM vessels. ,ft is suggested .
that "Duco" cement be used to affix strain gages to the vessels.
Strain gages should be removed after test and all cement should be

cleaned from the vessel using acetone.

4) The vessels should not be allowed to come into contact

with o0il or grease of any sort.

5) White gloves should be worn whenever the vessels are

handled.

6) Avoid placing the vessels directly on any metallic surféﬁe,

such as aluminum or zinc, which might create an electrolytic cell.
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7) Vessels should be stored in clean plastic bags. If
vessels are to be stored for any long duration of time (more than a
month) they should be dry nitrogen gas purg.ed and placed in plastic
~bags, the bags should be dry nitrogen gas purged and heat sealed.
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X. CONCLUSIONS

The program indicated that pressure vessels of
reasonable complex configuration could be fabricated from
low silicon material for -423F service. Also, that ARDE's
inspection techniques and the self inspecting characteristics
of the cryogenic stretch forming process can result in the
production of reliable hardware. The scrap rates due to
the inclusions in the material were fairly high but this can °

be remedied through the use of ultrasonic inspection techniques

and double vacuum melted raw material.
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XI. APPENDIX

APPENDIX A

Uniaxial - Biaxial Correlation
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APPENDIX A

Uniaxial - Biaxial Correlation
In the theory of elasticity(l) the strain in a given

direction can be expressed guite simply by "Hooke's Law",
é._.l..( i )
1 E f?i Vv 6..2 + €§3)

Therefore a stress state exists that does not describe
yielding or plastic flow and the material expands or contracts as
a function of the condition'of loading. Hence, problems afe .
relegated to considerations of small strains with either small
or large deflections, a constant modulus of elasticity, E, is
used and two solutions can-be superimposed in suitable proportions

to obtain the correct answer.

In the theory of plastic deformation, it isvnecessary
to use graphical solutions in considering large strains (as well
as large deflections) that cause changes of shape while the
volume of material remains basically constant. This plastic
deformation, as applied to the ARDEFORM process, results in a
10-14% reduction in thickness throughout all highly stressed
surfaces in the vessel, and a corresponding elongation of approxi~
mately 10-14% primarily in the hoop direction fdr cylinders, and &
5-7% elongation in each of two mutually perpendicular axes for
spheres. With plastic deformation the Poisson's ratio used = .5.

(1)

It is necessary to introduce an arbitrary constant 1/D , analogous

, :
(1) NADAI, A. "Plasticity" McGraw Hill - 1931
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to 1/BE in Hooke;s Law. . The value of 1/D is directly related to

. the portioh of the stress-strain curve under consideration. The
essential plasticity stress-strain relation for a tensilekcoupon,
‘pressurized sphere, and a pressurized cylinéer are shown in

Table I. : : ’ -

Line 1 lists the principal stresses. The tensile coupon has
only one principal stress. For the sphere, two principal stresses
are equal, and the third is assumed zero because the pressure is

. negligible next to the strength of the material.

In Line 2, the formula for the stress invariant @?; is.
used. This felationship defines the conditions for a state of
yielding in the material for any stress\state in terms of a
stress invariant {§*. Note that the invariant stress %, equals
the tensile stress in a tensile coupon and the meridional or hoop
stress in a sphere; it is somewhat smaller than the hoop stress

~in the cylinder.

Line 3 represeénts a simple algebraic conversion from

G*.

to
G,
- . 1
Line 4 defines D, and Line 5 defines &*. Well establlshed{ )
relationships are quoted and used in Line. 6; here the relations of
Line 3 have been substituted. Now using relations of Lines 4 and

5 in Line 6, one obtains Line 7. In accordance with theory,

constandy of volume is maintained by é;] + égz‘?é; =0 .

(1) NADAI, A, "Plasticity" McGraw Hill - 1931
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TASLE 1 PLASTICITY RELATIONS APPLIED TC TENSILE COUPONS
T AND INTERNALLY PRESSURIZED SPHERES AND CYLINDERS .
: L - =]
Line Tensile - ) .
Ko, i Type of Member Coupon Sphere Cylinder
Loading Axial Pressure Pressure
1 | Given principal G, G“'(axial) G, (hoop) G, (hoop)
' Stresses, in terms ' o ' !
of : 2 0 -0V long. .‘ics" long.
Maximum Principal : .
Stress G G 0O c i
> ‘ . . .
2 | Stress invariant in teyms :
of meximum priuncipal R U 13 gy
stress , G, - . il -+
R S R Y -:""’,, a2 et e
=N \} g ‘-q‘,}} *{@,-%) ,.,,(03_,5;‘)
3 | Principal stresses in . .
- : . u
terms of stress G ol ag® = 0
inveriant & o ¥ s ¥ _
- , * I .
e 03 O —f’; ot
0‘3 e o
4 | Invariant stress-strain ) - : '
. N - - w o X LR N at A
relation 6. =D& ¢ = DE "= J&
5 | Strain invarient ok ~ :
: - - 2 . 2,
relation € J2/3 .l e +E,7 &y
5 .| Principal straeins in terms ,
of stress invariant " T3
Vey= 0 -5 (0, +6) o 7 T e
D, Ty -5 (o) -5a” Ao - C
- . p '*
Py 0y -5 (0 +:m) ~.50" -g* -2
7 | Principal strains in terms-
of invariaznt strain L &%
- /
L . o : * 1T B oex
=. - T % e L
5"- AN L v él“*‘Q""‘”r,\‘ € 2.(' 2
: ° Ro
' "
. - Wt . il L 6 O
\‘:’.—,_‘ = .’L\ "‘: P 2
W, o ‘
T
X . ¥ ”® E &
: i - & -1z
€y 0 & -5.€ . z




From the table it should be noted that for the tensile
coupon & 1 = @* and @dl = * so that the §* vs. @ * relation
is nothing more than the conventional true-stress true-strain diagram
for a tensile coupon. Since the principal stresses and strains
for any stress state are related to the stress and strain in-
variants, @ * andé* during plastic deformations, then it is
clear that plastic strains and stresses in structures such as

spheres may be related to the uniaxial stress strain curve.

A sphere may be related to a uniaxial specimen as
follows: .
AN e “wn
From line 3 of Table A-1, 6'1 = 8* =§ - Eg. (1)
‘where @ ; s the sphere hoop stress
&
6’ is the stress invariant

is eguivalent stress in a uniaxial
tensile specimen

[

From line 7 of Table A-l,él =1/2&* =1/2€ Eq. (2)
where the notatioﬁ is the same as that in

Equation 2 above.
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APPENDIX B

Boss Analysis
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1.0

2.0

3.0

. , 1/21/66

AES _ 256

SPECIFICATION FOR VACUUM MELTED LOW SILICON

CHROME-NICKEL STAINLESS STEEL SUITABLE FOR ARDEFORM

SCOPE

This specification covers soft sheet, plate and sheet bar
material intended for the fabrication of fusion welded

pressure vessels by the ARDEFORM process.

This specification is effective wupon issue and shall be :

applicable when specified on Engineering drawings.

a

This specification is applicable to all ARDE facilities and

to all ARDE subcontractors and suppliers.

APPLICABLE DOCUMENTS

ASTM Specification E 112 - Estimating the Average .
Grain Size of Metals

ASTM Speéification E 45 -~ Determining the Inclusion
Content of Steel
AES 257 : - Material Evaluation
Specification
REQUIREMENTS

The steel shall be made by the vacuum induction melting process.

The steel shall be melted using high purity charging materials,

low in oxygen, silicon, phosphorous and sulphur. .
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AES 256

3.3 The'steel shall conform to the requirements as to chemical

composition prescribed in Table I.

TABLE I

CHEMICAL COMPOSITION I

Carbon, per cent 0.025 to .045
Manganese, per cent 0.10 max.
Silicon, per cent - 0.10 max.
Chromium, per cent | ~18.30 to 18.70
Nickel, per cent 7.10 to 7,50 |
Molybdenum, per cenﬁ ) 0;15 to 0.35
Nitrogen, per cent¥® 0.02 to 0.04
Phosphorous and Sulfur, total . 0.015 max.

Co ’ per cent
Oxygen, PPM** ’ 60 ﬁaxﬂ
Hydrogen, ppm*¥%#* 2 max.

Iron ' Balance
*¥ The Nitrogen shall be determined by the Kjeldahl
' method. .

** The Oxygen shall be determined by vacuum fusion
gas analysis of a ladle sample or ingot drillings.

*¥%% The Hydrogen shall be determined by vacuum fusion
gas analysis of a sample taken from the heat
after conversion to slab or sheet bar.

3.4 A ladle analysis of each melt of steel shall be made by
the manufacturer, as outlined in 4.1, to determine the

percentage of the elements specified in Table I.

»
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3.6

AES _256

The condition of the sheet, plate and sheet bar procurable
under this specification shall be fully.solution annealed
and pickled. The sheet, plate and shéet bar shall be so
heat treated as to provide the austenitic grain size as

specified in Section 3.6. The material shall be free of

intergranular carbides when tested in accordance with 4.3.

Hardness shall be RB 90 max.

The grain structure shall be equiaxed and the average grain
sizz of the material shall be in accordance with Table II
below. The grain size shall be determined in accordance with

the Comparison Procedure specified in ASTM - Spec. E 112.

TABLE II

ASTM GRAIN SIZE NUMBER

Max imum
Material Average Individual
Thickness, in., Grain Size Grain Size
Up to .065 6 4
.065 to .125 5 3
.125 to .550 4 3
Above ,550 3 2

The inclusion content of the product shall be determined by
Method A in ASTM E-45 and shall not exceed the requirements

specified in Table III.

Page 4 of 9



3.7.2

3.8

AES 256

Revision "B"

TABLE ITI

ASTM E-45 METHOD &

Tvpe A B C D

Thin Heavy Thin Heavy Thin  Heavy Thin Heavy

1 0 1 0 ' 1 0 1 L 1%

* The max. diameter of heavy globular oxides shall be |

25 microns and there shall be no more than one, in any
given field, having a diameter greater than 16 microns.

This requirement shall be met for each sheet or plate thick-

ness purchased. ‘ . :

The material shall be free from injurious sub-surface defects
and inclusions. The purchaser will éubjgct one sheet from each
lot of sheets to ultrasonic inspection to determine if local
large inclusions are present. Ultrasonic inspection shall be
conducted using 1/8" diameter focusing beam transducer. The
oscilloscope gain shall be set to 85% saturation for a stqndard
3/64" diameter flat bottom hole. All inéications above back-
ground shall be reported. The permissible size of single defects
thus determined shall be no larger than 10% of the sheet thick-
ness, and a maximum of .015 whichever is §maller.‘ Said defects
when confirmed by metallagraphic examination shall be the basis

for rejection of the entire lot.

Both surfaces of the material shall be free from scale, severe
mechanical gouges and scratches, deep pitting and discoloration.
The material shall have a workmanlike appearance. Sheet stock
surface shall correspond to a 2D finish. The surface finish

of plate and sheet bar shall correspond to a No. 1 finish.
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AES 256
Samples of material otherwiseApu:chasable under this séecifi—
cation shall be submitted to the purchaser in the form of
two sheets of 36 x 96 x .060 thick for evéluation by the
purchaser for fabricability and weldability. The éamp}es
shall be supplied from a portion of an ingot or a slab
produced from the melt to be evaluated. Material samples
shall be evaluated in accordance with ARDE Material Evaluation
Specification AES - 257. If samples do not meet the require-
ments of the ARDE Material Evaluation Specification, the
enfire.heat shall be subject to rejection. Sambles shall

be evaluated by the purchaser.

Permissible variations in thickness shall be as specified

in Table IV,

TABLE IV

PERMISSIBLE VARIATIONS IN THICKNESS OF SHEET AND PLATE

Permissible Variations
in Thickness, Plus or

Y

Specified Thickness, in. Minus, in.
0.016 to 0.026 . 0.002
0.027 to 06.040 0.002
' 0.041 to 0.058 0.003
0.059 to 0.072 ' ; 0.003
0.073 to 0.083 ’ 0.004
0.084 to 0.0%8 0.004
0.092 to 0.114 0.005
0.115 to 0.130 : 0.005
0.131 to 0.145 0.006
0.146 to 0.176 ) ' 0.007

0.177 to 0.250 . * 0.010

Page 6 of 9



4.0

4.1

AES _ 256

On items over 0,250, thickness shall be no more than 0.010

under the specified dimension and no moxre than 0.020 over

the specified dimension. Sheet bar dimension shall be not

less than specified dimension and not more than 10% over the

specified dimension.

Permissible variation in width and length is specified in

Table V., Sheet, plate and sheet bar 0.131 in. and over in

thickness regardless of size may have permissible variations

[

of plus or minus 1/4 in. in width and in length, respectively.

TABLE V
PERMISSIBLE VARIATIONS

Y

IN WIDTH AND LENGTH

Specified Width, in.

Up to 42 ¢ . .« « ¢« & &
42 and OVEY. « o o o =

Up tO 120. . » - - - -
120 2and oOVer .« .+« « o o

CUALITY ASSURANCE PROVISIONS

Analysis

Page 7

Permissible Variations
in Width, in.

Plus ' Minus

. . 1/8 0

.. /4 0

Permissible Variations
in Length, in.

Plus , Minus
.« . 1/8 0
. o 1/4 : 0
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4,1.2

4.1.3

AES 256

Ingot Analysis - The analysis shall be made from drillings

taken not less than 1/4 in. beneath the surface of a test
ingot made during the pouring of the melt. The chemical
composition thus determined, except for the Hydrogen content,
shall be reported to the purchaser and shall conform to the .
requirements specified in Table I. derogen content shall be
determined as specified in the notes at the bottom of

Table I.

Final Check Analysis - Vendor shall provide check analysis |

of material with each shipment.

A check analysis of the material evaluation sheets will be
made by the purchaser. The chemical composition thus
determined shall conform to the requirements specified in
Table I.

-

Metallographic specimens shall be prepéred for each sheet

thickness supplied. Said specimens shall present a section

of the complete thickness of the sheet or plate. More than
one specimen may be used to present a section of the complete

thickness of sheet bar.

A solution for electrolytic etching shall be prepared by
adding 100 grams of reagent-grade oxalic acid crystals

(H20 .2H20) to 900 ml of water.

204

Etching conditions. Polished specimens shall be etched at.

one amp/cm2 for 30 seconds.
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5.2

5.3

AES 256
Evaluation of etched structure. The etched surface shall be
examined on a metallurgical microscope at 250X. No inter-

granular pitting shall be observed.

All records shall be maintained in the ARDE Quality Control

‘Department.

PREPARATION FOR DELIVERY

Sheet, plate and sheet bar shall be boxed in containers

~eufficiently rigid to prevent scratching, bending, or any

type of surface damage. Pressure sensitive paper shall be
applied to both sides of the sheet\and platé. Paper

protection for sheet bar is not required.

Sheet, plate and sheet bar shall have continuous marking .
printed in the direction of final rolliné. ' The marking
shall include grade of steel, heat number and suppliér‘s

name.

The vendor shall furnish with each éhipment; three (3) copies
of a report-containing the chemical composition, roomn
temperature tensile properties, and hardness. This report
shall include the Purchase Order Number, Heat Number;
Material Specification Number, Size and Quéntity of the

shipment.
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(AES 454)



AES| 454

k NO.
DATE ISSUED February 15, 1967
REV | DESCRIPTION DATE . |APPROVAL
{.-
x
 PROCEDURE FOR 'LEAK DETECTION
; FOR
BY
MASS SPEGTROMETRY
r
APPD. | DATE AQ@?‘ .
- 3 INC.
PREPARED BY m |2fan)iy PARAMUS, N.J.
.| MET. ENG. Ao, V2/22/67) e -
i L y ’f;% i Q’DF‘Z’ 9\1
DESIGN ENG ?g] f Z/);’/[) ggavf j!_C L:! 1 jG gfn’Cf\ 5@5‘!

QUALITY CONTROL| &8 |2/2)/4) AES 4»’ o
CHIEF ENG 5.0 |2 5y0, ) : -

SHEET_ 1 OF s6.



1.1

1.2

AES 454

Page 2 of 6

SCOPE

This specification establishes methods and-classes of
testing sensitivities for leak detection by passage
of "Tracer" fluid from one side of a presumed leak to
the other, and the subsequent detection of the fluid
on the latter side.

This specification is effective upon issue and shall
be applicable when specified on engineering drawings.

DEFINITIONS

Standard or Calibrated Leak - A self-contained tracer
gas supply of at least 90 per cent purity at atmospheric
pressure containing a porous glass or quartz element
which allows diffusion of the tracer gas at a known
rate.

Smallest TLeak Detectable - The value of the standard
leak in atmospheric cc/sec divided by the leak detector
scale readlng. :

Input Sensitivity - Smallest leak detectable with standard

leak attached to the leak detector with vacuum hose
three inches in length.

Testing Sensitivitv - Smalleét leak detectable with

‘standard leak attached to the system under test at the

most remote accessible location from the Leak Detector,
unless otherwise specified by ARDE. This testing sen-
sitivity shall be quoted in standard cc/second.

ITracexr Gas - Type of gas that can be detected by the
Mass Spectrometer in use.

MATERIALS

Helium - ' 90% purity (minimum)



5.4
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Page 3 of 6

Argon - 90% purity (minimum
Neon - . 90% purity (minimum)

Polyethylene bags

EQUIPMENT

Mass Spectrometer

REQUIREMENTS

The tracer gas to be used for all testing within the
scope of this specification shall be helium, argon
or neon of at least 90 percent purlty. ’

Testing sensitivity will be measured before and imme-~
diately after test and logged on the quality control
report. If the test duration is greater than one hour,.
the test sensitivity shall be rechecked and logged at
least every hour during the test. :

The test duration shall be twice the time required
to detect the testing sen51tlv1ty or five minutes, which-
ever is greater. ”

Leak tightness requirements shall be defined as being
Class AA, Class A, or Class B. A test item shall be
considered acceptable if no leak is detectable with a
Mass Spectrometer having the testing. sen51t1v1uy listed
in Table I.

TABLE I
TESTING SENSITIVITIES (ATMOSPHERIC CC/SEC)
FOR THE THREE CLASSES OF LEAK TIGHTNESS

Tracer Gas Used Class AA Class A Class B
Helium 1x 1079 5 x 1078 1 x 1076
Neon 5 x 10710 2x10°% 5 x 107’

-10

Argon | 3 X 10 1.5 x 1078 3 x 1077
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Where two classes of leak are called out on the same
assembly. the areas with the most stringent requirements
shall be tested independently.

Before testing, the test item shall be cleaned free
of any foreign materials such as grease, paint, chips,
etc., which might tend to mask leakage. :

PROCEDURE

Unless otherwise authorized by the ARDZ Quality Assuxr-
ance Department, the following leak testing procedures
shall be used. Vendors having different standard leak
testing procedures are invited to submit them for ap-

proval. , )

Method I - Vacuum Testing Technigue.

Before testing, the system under test shall be complete-
ly enclosed in a polyethylene bag and the bag shall be
fully inflated with the tracer gas. For large system,
portions of the system may be checked separately: 1In
this case, each portion of system so checked shall be
considered a separate test, and the test sequence shall
be indicated on a worked print showing location checked.

The system under test shall be evacuated.

Inlet valves to the leak detector shall be fully opened
during test. '

All auxiliary pumping systems must be shut off before
test.

Method II Pressure Testing

Before testing, the system under test shall be com-
pletely enclosed in a polyethylene bag. The tracer
gas is introduced within the test object under pressure
greater than atmosphere. A "sniffer" prone is con-

nected to the leak detector using a flexible hose.
The sniffer is sealed within the polyethylene bag. If

a leak exists, the outflowing tracer gas enters the
system via the sniffer,



6.4.2

6.4.3

7.0

7.1

AES 454

Page 5 of ¢

Inlet valves to .the 1eaﬁ detector shall be fully opened
during test.

All auxiliary pumping systems must be shut off before

test.

Method III Pressure Vacuum Testing

- Before testing, the unit under test shall be placed

inside a vacuum chamber which is connected to the leak
detector. Tracer gas is introduced to the unit by
an internal pressure greater than atmosphere. " If a
leak exists, tracer gas will flow out of the unit under
test into the vacuum chamber, and then into the system.

Inlet valves to the leak detector shall be fully opened

‘during test.

All auxiliary pumping systems must be shut off before
test.

REPORTS

A certified quality control report shall be made out
by the vendor or ARDE N.D.T. Department and submitted
to ARDE Quality Assurance Department. This report
shall contain the following information:

a) Symbol or name of vendor.

b) Symbol or-name of the laboratory performing the
testing.

c) Part number.

d) Purchase order number.

e) Date of test,

f) Marked blueprint or sketch showing location of
standard leak and leak detector in relation to
test item. » .

.g) Testing sensitivities as defined in 4.2.5 listed

in chronological order,



AES 454
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REJECTIONS

Delivered items not meeting the requirements of this
specification for the class specified shall be subject
to rejection. '
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PR 7 o | : -
P 1 . S _ - ’ WOODSIDE DIVISION

Subsidiary of OGDEN CORPORATION

. 7 58-17 37th AVE., WOODSIDE, NEW YORK 11377 « TEL: 212-478-2010
cer .. ) _ _ TWX: $10-227-7062
2 January'l968
krde, Inc. :
580 Winters Avenue -
Paramus, New Jersey 07652
Reference: ?our Purchase Order Number: 10550
Ogden Job Number: W-8836-3- , , .
Test Units: E3590A Vessel Assemblies, Serial
i . Numbers 6,7, 8 and 9
Government Contract Number: NAS 8-20713
. REFORT OF TEST ' .
- - . N - »
TEST PROCELURE
‘Each vessel, in turn, was subjected to two (2) pressﬁré cycles.
A cycle consisting of 0 to 2,100 psig, and return to Q psig.
During the second cycle at 2 100 psiq, the external 1eakage was
measured after two (2) minute perlod.
TEST RESULTS '
The units dlsplayed no apparent evidence of damage as a result
of this test. : . : * N
Leakage Test Serial Numbers cd/second ’
B o7 1072 x 10-7
7 ‘ 3.60 x 10~ ’
g8 2.40 x 10—~ !
9 1.30 x 10- '

S Limit: 1 x 10——6 maximumn

for: OGDEN TECHNOLOGY LABORATORIES, INC.
WOODSIDE DIVISION

Floyd Huer
VQuallty ssurance Manager

FORMERLY: l{N/TL,"rD AERUTEST L ABORAYORIES ING,

P : DEDEN TEGCHNOLOGY LASORAT ORIES, INC.

iy o’ s g o mine s aen Dim
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APPENDIX F

MECHANICAL PROPERTIES - HEAT 50793

The mechénical property data for Heat 50793 is contained
herein rather than in Section IV of the report as the report was
essentially completed at the timé the decision was rendered to
- fabricate two’(z) additional vessels utilizing this heat of

material.

A. Experimental Data

Inasmuch as the material achieves its étrength through
deformation at -320°F, specimens must first be prestrained at
this temperature. The usual procedure is to first obtain a trﬁe
stress vs. true strain curve at -320°F for thé material in the
annealed condition. This establishes thé maximum amount of cold
work which can be éppiiéd to the specimen in uniaxial tension.
Such a curve marked ¢ . , is shown for heat 50793 in Figure F-1.
The nominal stresses vs. engineering strain for this same heat
at -320°F is plotted in Figure F-2. The material may be pre-
strained any amount up ﬁo.the maximum shown in Figure F-2 and
tensile properties which result will, of course, depend on the
amount of prestrain. The effect of varying the prestress -320°F
and subsequently éging the prestressed specimens at 800°F is

shown in Figures F-3, F-4 and F-5.



SPEQIMEN

¥

AXIVAL

T
£e

O Y3853 © IIJANIH

gy
€+ wv

TEUTT I HONT TR T

Hume 4 OF b ad




e oD HISSA P IIFAANIN
e *y5°n Nt 30VH SEHONY 01 X L

s i = - g ZEE—OA HRMEIG OL BLgX-01




: .ud.m*@aum?ﬁmua%dw_\vﬂ

2

Wy

CMN
ook

i
b
i
i
i

LN

Ho

A

=

=

S| v
IHEERERLS U

EEA G SRR

*OD WASSI © VI4ANEN -
et e . e S e T PR e emBAH D S s Y J——
: E < i % QL i




SN DU TER A _— M

LR M 1 Et
ST L | S g,
et g « : C
S 3B RV 3 oy

e d
”
o

¥ S
i

¥

}?

> gt

. o
.?v"

o S5 HABSA W BARNDA ) N - P
— o o fLBLAGLY s@ﬁ(!}m..m ot X &
ooy N -~ o PRS- P e e, e ; - { w - :
S o ¢ « ,
— e spE o ‘ ¢




Strenglh @ -423F

370

380

370

360

350

340

330

320

3/0

300

290
280
270

260

250
200 210 270 230 72%0

5/‘/“6/77/% @ -423 F of Low Silicon Starfess

Stee! [Fesirarred @ -320F

A ged, 2o hours @ 770 F

H7T 50793

—{ Tensz'/e S;‘fengfs‘?

—0— Vield Sf’rényf h

True Preslress @ -320F (457)

250 260 270 280 290 300

Fig yxs




\}:‘\

Figure IV-3 shows the yiéld'and ultimate tensile strength
of cryogenically stretched and aged spécimens from heat 50793 at
room temperature. Figures IV-4 and IV-5 show these properties
at -320F and -423F, respectively. The yield strenéth at -~320F
and at room temperature is also plotted in Figure F-1  on the sane |
coordinates’as the =~320F true stress VS. true strain curve for
annealed material from heat 50793. The curve, marked SlA in

Figure F-1 represents the room temperature yield strength

" for the prestrained material while that marked (S.,) -320F represents

1A
the ~320F yield strength for prestrained material. The increase

~in strength due to aging at 800F for 20 hours may be seen by comparing
the data for aged material shown in Figupes‘F-3 and F-4 with

similar curves for unaged specimens shown in Figures F=6 and F-7.

Several preétressed and aged specimens from heat 50793
were surface cracked and tested at room temperature and -320F,
‘In many cases general yielding occurred before failure and, of

course, a K, wvalue is not valid under these conditions. Therefore,

ilc N

a nominal ch was calculated for each specimen by using the initial
crack dimensions and the failure load. The sheet specimen thickness
was only .060. This type' of speécimen is used at Arde primarily

for screening purposes. The nominal K values calculated for each

lc
specimen was plotted in Figure F-8 as a function of cryogenic

prestress,

Additional properties of other heats of low silicon
stainless steel are also shown in this section. Figure F=9 shows
the yield strength of 5 heats of low silicon stainless steel as

a function of test temperature. The data points at room temperature
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